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ABSTRACT

GER 11502

The feasibility of a gravity-gradient stabilized, lenticular satellite
for passive communications was established, Studies were based upon a
lenticular reflector, having a 200.foot radius of curvature, which would
provide horizon to horizon communications coverage at an orbital altitude
of 2000 nautical miles, Key elements of the study, conducted in four
phases, consisted of satellite stabilization, damping systems, orienta—-
tion, microwave reflectivity, structural analyses, and the development

of materials, packaging, and deployment concepts. Component and model
tests were conducted to verify deployment concepts, microwave reflectivity
theories, material photolyzation rates, and material and structural

tests which did not require a zero gravity environment. Phase I con-
sisted of analytical studies of the satellite and a scaled model suitable
for flight evaluation using a Scout launch vehicle, Phase II, conducted
concurrently with Phase I, consisted of ground tests. In Phase III,
preliminary designs of the flight-test model were evolved, and in Phase

IV, a ground and flight test program was prepared.
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FOREWORD A

This report covers the feasibility study and preliminary design of a gravity-
gradient-stabilized lenticular test satellite performed by Goodyear Aerospace
Corporation (GAC) from July 1963 through March 1964. The technical objec-
tives and contract requirements w\ere based on NASA, Langley Research Cen-
ter (LRC) Statement of Work L-3308 dated 10 June 1963 which comprised the
original scope of Contract NAS 1-3114.

The work was administered by the Applied Materials and Physics Division of
LRC under the direction of W. E. Bressette, Program Manager, and D. C.

Grana, Project Engineer, from the Spacecraft Applications Section.

F. J. Stimler of the Space Systems Division was the GAC Project Engineer
with H. E. Henjum as Associate Project Engineer. The work was conducted
as a cooperative effort by personnel from several divisions within GAC for

the various specialties listed below:

Design R. R. Carman

H, W, Rarrett

>

Material Development R. W. Nordlie

W. B. Cross

P. F. Myers
Stabilization Orientation A, C. Buxton

D. E. Campbell

K. Losch
Structural Analysis E. Rottmayer

J. D. Marketos
Fabrication D. R. Thompson
Microwave Analysis L. D. Barnett

F. Fischer

R

. I. Scoville, Jr.
Instrumentation ' J. C. Kryah

Testing

-iii-
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Reliability H. E. Whisler
Ground Test Plan J. B. Wright
Flight Test Plan D. T. Wight
Planning J. B. Boughton
Contract Administration A. F. Tinker

Philco Western Development Laboratories of Palo Alto, California,were sub-
contracted for digital computer support in analyzing the satellite transient and

steady-state libration characteristics.
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SECTIONI - INTRODUCTION

Goodyear Aerospace Corporation conducted a feasibility study and prelimi-
nary design of a gravity-gradient-stabilized lenticular test satellite for the
NASA, Langley Research Center (LRC),in accordance with Contract NAS 1=
3114.

This interim report covers the work of the original contract. Several con-
tract amendments have been made for additional work in related areas; how-
ever, these efforts will be documented separately. A short document will be
prepared at the end of the complete contract to summarize the total effort. It

will be suitable for wide distribution of the technical information.

The original contract effort was basically of nine-month duration as shown in
Figure 1. The four-phase program was oriented so that LRC approval could
be obtained at the end of six months, prior to initiation of Phases III and IV.
Program documentation requirements are shown in Figure 1. Additional tech-
nical and background information can be obtained from the Goodyear Aerospace

proposal 1’a"s;ubrnitted for this program and the NASA contract. 2

The program philosophy in Phases I and II was first to consider the concepiuai
design of a full-scale satellite (Figure 2) to establish design factors and sec-
ond to design a test satellite system for the Scout launch vehicle. Ground
tests of materials and models were conducted to validate design decisions.
Several small models were designed, fabricated, and tested during the first
two phases of the program. A major milestone of these phases was the de-
livery of two 20-ft-diameter inflation models to LRC for general deployment
and inflation tests by NASA in the LRC 60-ft-diameter vacuum sphere.

Key elements considered in establishing a meaningful small-scale model test

L
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Figure 2 - Schematic of Full Scale and Flight Units of Gravity-
Gradient-Stabilized Lenticular Satellite
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were stabilization and orientation systems, including damping methods; satel-

lite deployment; satellite r-f reflectivity characteristics; packaging methods;
design tolerances; fabrication techniques; and the effects of perturbing forces

on satellite performance. In general, emphasis was placed on analysis of the
Rice-Wilberforce damping system and the use of the wire mesh, photolyzable

film materials in the construction of the satellite lens and related compo-

nents because they showed many advantages over other available methods and \
materials. Program results have substantiated this choice of damper and

lens material as being very suitable for the satellite design under considera-

tion.

Phase III consisted of the preliminary design of the spacecraft and formulation
of ground tests that would qualify the components, the subsystems, and the
instrumentation. Phase IV was for preparation of the flight test program plan
for establishing the performance characteristics of the flight test satellite.
This included such items as launch requirements, launch support, and flight
and ground instrumentation that would be needed to acquire the performance

and stabilization data.
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SECTION II - SUMMARY

GENERAL

A review is presented of some of the items of major interest to consoli-
date the fundamental information that was generated during the program
and to emphasize the achievements in the critical technical areas. In
some cases complete solutions of the technical problems were available
while in others new problem areas were pinpointed. In all cases however,
solution of the technical problems is considered to be within the grasp of

the next development phase, the flight test program.

Phases I and II of the program consisted of concurrent six-month design
studies and detailed ground tests of lenticular satellite materials, com-
ponents, and numerous models. Structural analyses and corroboratory
tests were made to substantiate design decisions. Studies were also
made in related areas of stabilization, orientation, reliability, instru-
mentation, materials development, and radio reflectivity to supply further
technical design information. Successful deployment of :a 20-ft-diameter

model in the NASA-LRC vacuum chamber substantiated the design concept.

Phases IIl and IV were concurrent three-month studies of preliminary

. spacecraft design and ground and flight test planning for a satellite sys- .

tem development program. A master program plan was prepéred to
correlate model and test requirements. Deliveries were based on re-
alistic lead times established for material procurement, tooling, fabrica-

tion, and model checkout,based on past experience.

DESIGN ANALYSES

Theoretical and experimental investigations of Phases I and II resulted in
similar lenticular satellite designs for the 267-ft-diameter full-scale unit
[see Figure 3). and the 50-ft-diameter flight-test unit (see Figure 4).
These figures include definition of the materials involved and miscella-

neous key design information. Further information can be obtained from °

-5
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VISCOUS DAMPER - 100 LB ——

HYSTERESIS DAMPER

20-iN. DIAMETER SPRING

30-MiL BERYLLIUM-COPPER WIRE

4-MiL CADMIUM PLATE

NICKEL PLATE PROTECTION

30 DEG HELIX

DEPLOY-SUBLIMING MATERIAL

LENS CAPS
LENS RADIUS - 200 FT
INCLUDED ANGLE -84 DEG
COPPER WIRE MESH - 1.0 MIL x 21 X
0.5-MIL PHOTOLYZABLE FILM
WITH FILM - 552 L.B
WITHOUT FILM - 199 LB

TORUS DIAMETER - 7.8 FT, 117 LB WEIGHT

1-MIL PHOTOLYZABLE FiLM

RIM HEIGHT - 8.0 IN.
2-MIL BERYLLIUM-COPPER MATERIAL
103 LB WT

BOOM 3 IN.-DIAMETER

1-MIL MYLAR TUBE WITH

ALUMINUM WIRE MESH - 2 MIL x 2 x2
10 LB WT

LENS DESIGN PRESSURE - 0.000316 PSIA
TORUS DESIGN PRESSURE - 0,1678 PSIA

20-MIL DIAMETER DEFLATION HOLES
LENS -TWENTY PER SQUARE FOOT
TORUS=ONE PER SQUARE FOOT

90 FT £ 30 FT

3 BOOMS AT
120 DEG

21

3 BOOMS AT
120 DEG

300 FT

191 FT

[
D
m
'D

———— 267.6 FT ——meee Py

LENS ORIFICE ~ 0.309-iN. DIA.METER
TORUS ORIFICE - 1.267-IN. DIAMETER

90 GORES PER LENS CAP

Figure 3 - Design Summary of Full-Scale Lenticular Satellite
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[
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- !

27 FT £t9FT

HYSTERESIS DAMPER
6.5-IN. DIAMETER SPRING

— 6-MiL BERYLLIUM-COPPER WIRE

4-MIL. CADMIUM PLATE 11.5 L

NICKEL PLATE PROTECTION

30-DEG HELIX

- 3 BOOMS AT
DEPLOY-SUBLIMING MATERIAL 120 DEG

(1]
>

LENS CAPS
LENS RADIUS - 37.4 FT
INCLUDED ANGLE - 84 DEG /
COPPER WIRE MESH - 1.2 MIL x 21 x 21
0.6-MIL PHOTOLYZABLE FILM

WITH FILM - 25 LB WEIGHT 1
I 19.4 FT

- WITHOUT FILM - 10 LB WEIGHT u
| ! A\ -\
I \\

TORUS DIAMETER - 19.5 IN. N 1 7

1-MiL MYLAR
6-L.B WEIGHT 22 FT

RIM HEIGHT - 3.0 IN. 3 BOOMS AT
2 MiL BERYLLIUM-COPPER MATERIAL 120 DEG

7 LB WEIGHT Y
—— 56.5 L.B

BOOM DIAMETER - 2 IN. [ —————————— 50 FT —3

1-MIL MYLAR TUBE WITH
- ALUMINUM WIRE MESH - 2 MIL X 2 x 2
0.5 LB WEIGHT '

LENS DESIGN PRESSURE - 0.002437 PSIA LENS ORIFICE - 0.10-IN. DIAMETER
TORUS DESIGN PRESSURE =~ 1.047 PSIA TORUS ORIFICE - 0.432-iN, DIAMETER
40 GORES PER LENS CAP

20-MIL~-DIAMETER DEFLATION HOLES
LENS - FOUR PER SQUARE FOOT
TORUS - ONE PER FIVE SQUARE FEET

’, Figure 4 - Design Summary of Flight-Test Model of Lenticular Satellite
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the appropriate sections of the report. The weights and inertias of the

satellite designs are summarized in Table I.

The metal rim located on the inner diameter of the torus maintains lens
accuracy during the rigidization process wherein the lens is pressurized
to yield the metal wire of the mesh-photolyzable-film lens material. The
metal rim makes it necessary to roll up the collapsed lens and torus sur-
faces during the initial phase of packaging rather than to use a conven-
tional accordién fold. Model deployment tests under ambient and vacuum

chamber conditions have shown that this packaging method is acceptable.

For the full-scale satellite, torus inflation to design pressures is com-
pleted in five minutes followed by lens inflation in another five-minute
period. The lens is maintained at design pressure for two minutes and
the torus for four minutes during the rigidization process, which is started
ten minutes after the beginning of torus inflation. Automatic pressure
relief is accomplished through evenly distributed holes that are made in
the torus and lens surfaces to minimize destabilizing moments that might
result from uneven gas discharge. Sufficient helium gas is provided to
allow for leakage through the depressurization holes during the inflation
period and through punctures that might occur from micrometeoroids.
unit. Initiation of satellite deployment is controlled to ensure proper
attityde orientation within the gravity-gradient constraints of the design.
A two-step yo-yo despin method is utilized to minimize residual spin of

the payload prior to deployment.

Structural analyses of the static and dynamic conditions indicate that no
major problem areas should be encountered utilizing available materials
and proven fabrication techniques. Analysis indicates that the lens radius
of curvature can be held to within *1 percent for both the full-scale and
flight-test units, particularly if manufacturing tolerances and lens pres-

sures are given careful attention. More model construction and test data
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are needed to verify whether local radius of curvature variations of less
than +30 percent of design spherical radius and maximum surface dis-
continuities of Iless than 0.10 in., peak to valley, for any square foot of
inflated lens surface are realistic. Programs are under way at the pres-
ent time toward further definition of surface tolerances of representative

satellites.

Preliminary theoretical investigations show that the Rice-Wilberforce
damper will be sa.tisfactory for the lenticular satellite under considera-
tion. The proposed design utilizes hysteresis damping in a coil spring
during the elongation process and viscous damping in an end weight dur-
ing the rotational motion imparted by the spring elongation. Proper tun-

ing of the damper components is being studied to optimize the design.

The compatibility of the flight test satellite with the Scout-vehicle is based
on Figure 5. Additional detailed design'analysis of the satellite:might in-

dicate the need for a larger booster, possibly in the Thor-Delta category.

GAC performed preliminary reliability studies and statistical analyses

to establish reliability requirements and goals for the satellite system.
During this limited effort emphasis was placed on minimizing system
complexity, maximizing the use of design state-of-the-art, and incor-
poraticn of redundancy where needed. Techniques were discussed with
cognizant NASA-LRC personnel to improve the effectiveness of data pre-
sentation and to fulfill NASA over-all reliability requirements for a space

vehicle system.

MODEL SCALING CONSIDERATIONS

The major goal of the program was to show the feasibility of simulating
technically the full-scale gravity-gradient-stabilized lenticular satellite

by a flight-test model experiment.

Many scaling parameters must be considered when designing a relatively

small flight-test unit so that the results of the experiment will give good
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Figure 5 - Flight-Test Satellite Booster Performance Data
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correlation to the dynamic and operational characteristics of a large full-

scale passive communication satellite.

A fairly complete analysis indicated that it will be advisable to maintain
the lens included angle of 84 deg between models rather than the 200-ft
radius of curvature of the radio-reflecting lens surfaces. Geometric
similarity was maintained for the 5-ft-diameter test models and the 20-
ft-diameter deployment models (see Figure 6) to correlate correctly fab-

rication, packaging, and deployment characteristics between models.

By maintaining satellite geometric similarity the fabrication techniques,
gore patterns, component tolerances, packaging methods and volumes,

deployment methods and forces, and r-f reflectivity are representative.

The flight experiment goals are to investigate the major problems antici-
pated with the full-scale satellite, to verify theory with experimental data,
to check the suitability of the gravity-gradient stabilization system, and
to corroborate r-f theoretical predictions. By maintaining geometric
similarity between model and full scale, the forces and component load-
ings are predictable bécause the structural theory and test methods cor-
respond. In the stabilization and orientation area theoretical predictions
of the flight-test model dynamics can be verified experimentally and, once
modified wherever necessary. can be applied readily to the full-scale sat-
ellite if the proper inertia ratios are maintained. Geometric similarity
is necessary in the r-f area to keep the r-f returns representative and

predictable, based on simplified model tests.

The differences in r-f return for the flight-test model and the full-scale
satellite can be determined readily by correcting for the lens radii of
curvature and the flight ’altitudes becaﬁse the r-f return, g7 varies as
the square of the lens radius of curvature, P, and inversely as the fourth

power of the altitude.

Maintaining model similarity should enhance reliability predictions for
the full-scale satellite and show logically when controlling instrumenta-

~ 1.

tion will be advisable on the basis of flight-test model results. Ground
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Figure 6 - Five- and Twenty-Foot-Diameter Mylar Deployment Models
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test procedures for these units will be representative. Flight-test pro-

cedures will, however, be booster and launch area dependent.

4. R-F REVIEW

Theoretical predictions of nose-on monostatic r-f returns indicate that
21.5-db variations can be expected within the 1. 5-deg region from the
satellite centerline. This variation is due to edge diffraction phenomena
resulting from the lens edge radius being considerably smaller than the
wave length of interest. (Frequency range is 2,000 to 10, 000 mc.) The
general operational picture is shown in Figure 7. The troublesome areas
of Cases 1 and 2 are of no particular interest operationally. Cases 3, 4,
and 5 are considered representative for both in-plane and out-of-plane
equipment locations. For this reason, until some bistatic tests are con-
ducted, indications are that the present satellite design concept has satis-

factory r-f characteristics for the general operational areas to be con-

sidered.

-14-



GER-11502

SECTION II - SUMMARY

SPHERE RETURN 0O = 7Tp2

POINTS IN SATELLITE
ORBITAL PLANE - C-B~D~F-A)

T TRANSMITTER LOCATION

X
RC = RECEIVER LOCATION
B = SATELLITE CG POSITION
R
©)
EARTH

CASE3 | E-B-D | Q_=a g = 77p2 AT ANGLES > + 1.5 DEG

CASE 4| F-B-D | a_# a_ | o = mp° AT ANGLES >+ 1.5 DEG

CASES | G-B-D | @, ¥a | o= np? AT ANGLES > * 1.5 DEG

"X
PATH RETURN PREDICTED REMARKS
CASE 1 A-B-A WITHIN * 1.5 DEG, 0 = 77p2 +21.50B | NOT OF PRACTICAL INTEREST
CASE2( C-B-D | Q, = a WITHIN + 1,5 DEG, 0 = 77p2 +21,5DB | POINT OF SINGULARITY

REPRESENTATIVE CONDITION
REPRESENTATIVE CONDITION

REPRESENTATIVE CONDITION

ite R-F Operational Characteristics
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SECTION III - TECHNICAL DISCUSSION - PHASES I AND II

Subsection One - Design Considerations

1. GENERAL
The design objectives of Phases I and II were to:

1. Establish the configuration design of a full-scale satel-
- lite including such factors as weight and inertia, pack-
aging arrangement, packaging volume, deployment,
configuration geometry, r-f characteristics, and struc-

tural integrity.

2. Establish the configuration design of a flight-test satel-
lite, approximately 50-ft-diameter and capable of launch
on a Scout vehicle, that will prove functional feasibility
and produce meaningful test results in support of the

full-scale satellite.

3. 'Design, tabricate, and deliver a 20 ft -diameter deplov-
ment model, to be deployable in a vacuum chamber in
support of the full-scale and flight-test configuration

designs.

4. Design, fabricate, and deliver a breadboard inflation
system to be used for the vacuum deployment of the 20-

ft-diameter model.

5. Design and fabricate small-scale models as required

in support of packaging and deployment studies.

A summation of the work done in support of the above objectives follows.

Supporting analyses, trade offs, and material development accomplish-

!
!
i
j

ments are covered in subsequent subsections and sections of this report.

-17-
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Figure 8 summarizes the various model configurations that were perti-

nent to the design effort under Phases I and II.

FULL-SCALE SATELLITE

a.

Conceptual Design Study

The general arrangement of the full-scale satellite is shown in Fig-
ure 9. Table II lists the weight and volume requirements of the sys-
tem by components. The satellite consists of a lenticular lens
bounded by a peripheral rim-torus and two displaced masses, each

supported from the rim by a tripod structure.

The lenticular lens is comprised of two spherical segments with sur-

faces of 200-ft radius. The lens diameter is 267. 6 ft.

The lenticular lens surface is fabricated of 0. 5-mil photolyzable
film cast on a 1-mil copper wire plain-weave mesh (21 wires per
inch). The film surface is perforated to allow bleed-off of resi-
dual gases prior to deployment, with approximately twenty 0.020-
in. -diameter holes per square foot. These holes also provide auto-
matic pressure relief of the system. The inflation of the entire
system elongates the mesh beyond its yield point to rigidize the
lenticular surfaces. After sublimation of ilie photclyzabkle gas har-
rier this screen, brazed to the lens rim, forms the reflective sur-

face of the satellite.

The two spherical segments are interconnected through a metal rim
of collapsible cross section (see Section E-E of Figure 9 and Fig-
ure 10). The rim is made of 2-mil beryllium copper with two hinged
joints, 180 deg apart, to permit proper packaging of the system. To
package the system, the rim cross section is flattened and then
coiled on a storage drum. The important consideration is not to ex-
ceed the proportional limit of the material, with the stresses im-
posed by flattening and coiling and through deployment of the system,

so that the structural section will be re-established after deployment.
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TRIPOD BOOM

/ DAMPING SYSTEM

-E ot F
COMMENTS STATUS
FINAL CONFIGURATION, FIGURE 9
FINAL CONFIGURATION, FIGURE 13
fLAR LENS DELIVERED TO NASA

{OTOLYZABLE FILM~-WIRE MESH LENS
JRUS ONLY

JR GAC DEPLOYMENT TESTS

DR NASA EVALUATION

JR GAC DEPLOYMENT TESTS

JR STRUCTURAL EVALUATION

JR FOLDING AND PACKAGING TECHNIQUES EVALUATION

DELIVERED TO NASA

TESTED TO DESTRUCTION

TESTED TO DESTRUCTION

DELIVERED TO NASA

TESTED TO DESTRUCTION

STILL AVAILABLE

STILL AVAILABLE
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LENS CAP
N

DIMENSION ANGLE

A B c D E F a

MODEL (FT) (IN.) (FT) (FT) (FT) (FT) (DEG)

FULL~SCALE 267.6 92,00 200.00 190.53 300.0 90.00 84
FLIGHT-TEST 50.0 19.54 37.36 22.02 42.03 27.11 64
TWENTY—FOOT NO. 20-1 20.0 26.00 14.94 * 17.32 * 84 M
TWENTY-FOOT NO. 20-2 20.0 26.00 14.94 * 17.32 * 84 Pt
SIX-FOOT 6.0 2.38 * . * * * TC
FIVE-FOOT NO. 1 5.0 3.75 3.5 * * * 91 FC
FIVE-FOOT NO. 2 5.0 3.75 3.5 . * . 91 FC
FIVE-FOOT NO. 3 5.0 3.75 3.5 . ~ 4.00 . 91 F¢
FIVE-FOOT NO. 4 5.0 3.75 3.9 * * . 100 FC
FIVE—FOOT NO. 5 5.0 3.75 3.5 . 4.32 7 91 FC

¥

*NOT APPLICABLE
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N TORUS INLET VALVE
LENS INLET VALVE
~—1.267-IN. DIAMETER ORIFICE -
"~ 2.75-IN. DIAMETER

' INFLATION LINE ~
MYLAR WiTH 0.50-IN. SQUARE -~
2MIL DIAMETER
INUM WIRE

Se—MANIFOLD

ONE 4.50-IN. DIAMETER HOLE

VISCOUS DAMPER

13FT DIAMETER
LENS CAP

MANIFOLO
ONE 2.25-IN. DIAMETER HOLE

- GAS CCNTAINER
. WEIGHT 191 LB
EIGHT 17 LB

UES
EACON

TROLS SOLID BAFFLE

MANIFOLD
ONE 3.38-IN. DIAMETER HOLE

SYSTEM WEIGHT AND VOLUME

CANISTER

/————l
5FTBIN.

SATELLITE PACKAGED CONFIGURATION
LAUNCH WEIGHT 1250 L8

GAS CONTAINER

UNIT LAUNCH ORBITAL | PACKAGE
WEIGHT WEIGHT WEIGHT WEIGHT
COMPONENT we s [)) (CU IN.)
CONTROL ELECTRONIC SYSTEM 18 18 n
RADIO BEACON 1
SEQUENCE CONTROL. 2
TINIR fewTent aND REGULATION 185
DAMPING SYSTEM "s ns -
VISCOUS DAMPER 100
SPRING s
DAMPER COVER AND SUPPORT 10
STRUCYURE AND HARDWARE K ® -
CANISTER SHELL. 80
MOUNTING BRACKETS 12
SATELLITE ™ 312 65,200
LENS WITH FILM 532
LENS WITHOUT FILM 199
PHOTOL YZABLE TORUS "7
RIM 10
BOOMS 10
INFLATION SYSTEM 233 216 3000
GAS BOTTLE 191
GAS (HELIUM) 17
GAS VALVES AND HARDWARE 25
SEPARATION SYSTEM 10 s -
TOTAL 1250 758 68,572

Figure 9 - General Arrangement, Full-Scale Lenticular Satellite
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TABLE Il - FULL-SCALE SATELLITE SYSTEM

WEIGHT AND VOLUME

Weight (1b)
Volume
Component Unit Launch Orbit (cu in.)
Control electronic system 18 18 372
Radio beacon
Sequence control 2
Power control and regu-
lation - 15
Damping system 115 115
Viscou$ damper 100
Spring 5
Damper cover and sup-
port 10 _
Structure and hardware 92 92
Canister shell 80
Mounting brackets 12
Satellite 782 312 65, 200
Lens with film 552
Lens without film i59
Photolyzable torus 117
Rim 103
Booms 10
Inflation system 233 216 3,000
Gas bottle 191
Gas (helium) 17
Gas valves and hard-
ware 25
Separation system 10 5
Total 1250 758 68,572
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Figure 10 - Collapsible Rim Functional Schematic



SECTION III
Subsection One - Design Considerations GER-11502

The rim also provides the three structural attachments for the tri-

pod booms that support the gravity~-gradient masses.

The effective lenticular lens and metal rim are encircled by a torus
of 7.83-ft-diameter cross section and 275. 43-ft pitch diameter. The
torus is inflated first, to unfurl the packaged lens surfaces, and is
maintained under a relatively high pressure to support the erection
1= loads that are imposed during pressure yielding of the lens surfaces.
The torus is made of 1-mil photolyzable film material and has a
-~ series of compartments interconnected by sized orifices so that its
cells will inflate in sequence to control the deployment of the over-
all system (see Figure 11) and to prevent buckling of the metal rim.
The torus surface is perforated with approximately one 0.020-in. -
diameter hole per square feet to allow bleed-off of residual gases
w prior to deployment. After deployment of the entire satellite the
photolyzable torus material will sublime, leaving the metal rim as

the structural interface for the lens caps and tripod booms.

Two masses, one on each side of the lenticular shape, are supported
at the apexes of tripod booms. These masses are used as gravity-
gradient weights and consist of the packaging canister halves and
fixed equipment such as inflation system, damping system, and

cpontrol and electronics elements.

The individual elements of the tripod booms are 3-in. -diameter
tubes of 1-mil Mylar laminated to 0.5-in. square mesh aluminum

wire 2-mil diameter.

The inflatable elements of the satellite are packaged in a 50~-in. -
diameter spherical canister which, at deployment, separates at its
equator. A screen-type liner is spaced off the inner surface of the
canister to permit passage of entrapped air to an evacuation valve.
This valve is used for initial pump-down of the canister and is sole-
noid controlled to be opened at orbital altitude vto stabilize pressures

prior to deployment.

-25-




SECTION III

GER-11502

Subsection One -~ Design Considerations

SATELLITE COILED

INSIDE CANISTER
N %
%: w
;

INFLATION
SEQUENCE
PARTITION

METAL RIM

PERIPHERIAL
TORUS

MECHANICAL. HINGE

Figure !l - Full-Scale Satellite Deployment Sequence
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o

The earth-side canister half, when considering satellite-stabilized
attitude, provides the mounting interface of the inflation system com-
ponents, the communication system components, and the electrical
system components. The opposite canister half provides the mount-

ing interface for the damping system.

Inflation and Deployment System

Prior to initiation of the deployment sequence it is mandatory that
entrapped air be evacuated from the satellite envelope and also from
the canister. A two-step process will be used to accomplish the
evacuation. First, partial evacuation will be effected on the ground
by pumping down the canister and sealing it. Second, the canister
will be vented in the orbital atmosphere for further evacuation. A
solenoid -actuated valve will be mounted in the canister shell and fixed
to initiate the second step at the proper time. The satellite skin will

be perforated to allow entrapped air to escape during this period. The

" time required to carry out the above process successfully will be de-

termined.

To effect successful satellite deployment, a sequential order of ele-
ment inflation will be required, first the booms and torus and then

the lens. with the torus remaining pressurized during lens inflation.

Likewise an orderly pressure relief sequence will be required to
preclude the possibility of uncontrolled exhaust gas upsetting the sys-
tem dynamics. After the deployment has been completed, the gas in
the lens and torus will exhaust through the perforated surfaces, thus

effecting uniform depressurization.

Deployment will be effected by helium gas inflation. The gas system
and its controls are shown schematically in Figure 12. At the pre-
determined gas pressure, the grid-wire element of the lens skin will
exceed its yield strength and rigidize. The system is based on the

following data:

-27-<
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1. Torus

a. Volume - 41,700 cu ft

b. Surface area - 21,300 sq ft
Surface perforation - One hole,0. 020-in-

diameter per sq ft

d. Pressure required - 0.168 psia
Inflation time to pressure - 5 min

f. Inflation hold time - 9 min

2. Lens

a. Volume - 3,070,000 cu ft

b. Surface area - 129, 000 sq f{t

c. Surface perforation - 20 holes,0. 020

diameter per sq ft
0. 000316 psia

Inflation time to pressure - 5 min

d. Pressure required

Inflation hold time - 2 min

Based on above data the helium provided will weigh 17 1b, which is
133 percent of the calculated requirement. The pressure vessel will

be a toroid and will weigh approximately 191 1b.

A complete analysis of the system as summarized herein is included

in Subsection Two.

A test program will be developed to evaluate and verify the proposed

deployment system capability. This program will include:

1. Air evacuation on a test envelope to demonstrate
effectiveness of both skin perforation and soaking

time versus entrapped air remaining

2. Individual component testing to demonstrate ability
to carry out assigned functions in a simulated low-

pressure and low-temperature environment,

3. Simulated system tests in a low-pressure chamber.
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Special tests to demonstrate sensing capability and

also the deployment concept will be developed.

3. FLIGHT-TEST MODEL

a.

'-30'-'

Conceptual Design Study

The test satellite is designed to be launched with the Scout vehicle

and will be packaged within the envelope of an Echo I canister. The

.general arrangement of the flight-test satellite is shown in Figure

13. Table III lists the weight and volume requirements of the sys-
tem by components. The satellite design consists of a lenticular
lens bounded by a peripheral rim-torus and two displaced masses,

each supported from the rim by a tripod structure.

The lenticular lens will be comprised of two spherical segments with

surfaces of 37. 36-ft radius and a lens diameter of 50 f{t.

The lenticular lens surface will be made of 0. 6-mil photolyzable
film, cast on a 1.2-mil copper wire plain-weave mesh (21 wires per
inch). The film surface will be perforated, to allow bleed-off of
residual gases prior to deployment, with approximately four 0. 020-
in. diameter holes per sq ft. The inflation of the entire system will

rond the vield noint of the screen to rigidize

clongatc this mcch be
the lenticular surfaces. After sublimation of the photolyzable gas
barrier, this screen, brazed to the lens rim, will form the reflec-

tive surface of the satellite.

The two spherical segments will be interconnected by a metal rim
of collapsible cqgps section. (See Section B-B of Figure 13.) The
rim will be made of 2-mil beryllium copper and will include two
hinged joints, 180 deg apart, to permit proper packaging of the sys-
tem. The rim also will provide the three structural attachments for

the tripod booms to support the gravity-gradient masses.
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SEE DETAIL D

DESPIN SYSTEM

INFLATION SYSTEM
K&:ALVES. ETC.

BEACON AND TRANSMITTER ANTENNA

COMMAND
RECEIVER

RECORDER

. AMPLIFIER AND
i OSCILLATOR
I COMMUTATOR
I — CHARGER
{ REGULATOR
| ELECTRICAL'INFLATION SYSTEM
l - BATTERIES
! 5 OMMAND
h \ RECEIVER
| COMMAND RECEIVER ANTENNA
V SCREEN/ TOROIDAL. GAS CONTAINER,
| CANISTER HALF SHELL 11 LB 864 CU IN. GAS 1 LB
1
Eh @ [
i z & DETAIL F
Hii '_ e 24.07 IN.
i w Y
P 3 2 R
2ADIUS i < 2
1 o
i . e 5-1/2-L.B INSTRUMENTATION HALF
I ‘6‘ @
| @ @ y
L 5 t\
- ¢ JE— ! 25.64-IN.
/\ i / A DIAMETER
i ,
19.4 FT : " .
\ ! SEE DETAIL F
RFT
: 7 2 VISCOUS DAMPER
i 0.6-MIL PHOTOLYZABLE FILM
1.2-MIL COPPER WIRE PLAIN TOROIDAL GAS CONTAINER
4 LERTICOLAR MEMBRANE CANISTER
/ ULAR MEMBRANES SATELLITE PACKAGE CONFIGURATION
~.d
SYSTEM WEIGHT AND VOLUME
TH UNIT LAUNCH ORBITAL PACKAGE
. WEIGHT WEIGHT WEIGHT VOLUME
WIRE COMPONENT [(W:}] [{W-}} LB} {CU IN.)
CONTROL ELECTRONIC 23 23 800
TELEMETRY SYSTEM 105
El SEQUENCE CONTROL 3
i POWER CONTROL AND REGULATION 9.5
g
J DAMPING S5YSTEM 142 13
VISCOUS DAMPER "
SPRING AND SUBLIMING MATERIAL. 2
DAMPER AND PAYLOAI PPORT RIN 1.2
MIL MYLAR TORUS MPER AND PAYLOAD SUPPORT RING
19.54-4N. DIAMETER TORUS STRUCTURE AND HARDWARE 28 28
CANISTER SHELL 15
SECTION A=A MOUNTING BRACKETS 13
SATELLITE -38.5 3.5 3500
LENS WITH FILM 25
LENS WITHOUT FILM 10
TORUS 6
RiIM 7
BOOMS 5
INFLATION SYSTEM 17 16 400
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Diameter, General Arrangement

Figure 13 - Lenticular Satellite, 50-Ft
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TABLE III - FLIGHT-TEST SATELLITE SYSTEM

WEIGHT AND VOLUME

Weight (1b) Package
Volume
Component Unit Launch Orbit (cuin.)
Control electronic . 23.0 23.0 800
Telemetry system 10.5
Sequence control
Power control and regu-
later 9.5
Damping system : 14.2 13.0
Viscous damper 11.0
Spring and subliming .
material 2.0
Damper and payload sup-
port ring 1.2
Structure and hardware 28.0 28.0
Canister shell 15.0
Mounting brackets 13.0
Satellite 38.5 23.5 3,500
Lens with film 25.0
Lens without film 10.0
Torus 6.0
Rim .0
Booms 0.5
. Inflation system 17.0 | 16.0 400
Gas bottle 11.0
Gas (helium)
Gas valves and hardware 5.0
Despin system 3.5 2.8
Weights and cables
Support structure 2.8
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TABLE III - FLIGHT-TEST SATELLITE SYSTEM

WEIGHT AND VOLUME (Continued)

“Weight (1b) Package
- Volume
Component Unit Launch Orbit {(cu in.)
Separation system 12.5
Scout "E" section assem-
bly (revised) 11.4
Adapter ring 1.1
Total ‘ 136.7 106. 3 4,700

The effective lenticular lens and metal rim are encircled by a torus
section with a 19. 54-in. -diameter cross section and a pitch diameter
of 51.63 ft. The torus will be inflated first, thereby unfurling the
packaged lens surfaces, and will be maintained under a relatively
high pressure to support the erection loads imposed by pressure
yielding the lens surfaces. The torus is fabricated from 1-mil Mylar
and has a series of compartments interconnected by sized orifices so
that the cells inflate in sequence to control the deployment of the
cver-2ll svstem (see Figure 14) and to prevent buckling of the metal
rim. The torus surface is perforated with one 0. 020-in. -diameter
hole per 5 sq ft to allow bleed-off of residual gases prior to deploy-

ment.

Two masses, one on each side of the lenticular shape,are supported
at the apexes of tripod booms. These masses are used as gravity-
gradient weights and consist of the packaging canister halves and
fixed equipment such as inflation system, damping system, and
control and electronic elements. The individual elements of the
tripod booms are 2-in. -diameter tubes of 1-mil Mylar laminated to
0. 5-in, square mesh aluminum wire, 2-mil diameter. The inflatable

elements of the satellite are packaged within the volume of a 24-in.
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SATELLITE COILED

INSIDE CANISTER
R 4
N \
S’

INFLATION
SEQUENCE
PARTITION

METAL RiM

PERIPHERIAL
TORUS

MECHANICAL HINGE

Figure 14 - Test Satellite Detailed Deployment Sequence
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major diameter spheroid éanister which, at deployment, separates
at the equator. A screen-type liner is spaced off of the inner surface
of the canister to permit passage of entrapped air to an evacuation
valve. This valve is used for initial pump-down of the canister and
is solenoid controlled to be opened at orbital altitude to stabilize

pressures prior to deployment.

The earth-side canister half, when considering satellite stabilized
attitude, provides the mounting interface of the inflation system com-
ponents, the communication system components, test equipments,
and the electrical system components. The opposite canister half

provides the mounting interface for the damping system.

Inflation System

The flight-test satellite inflation system is functionally the same as
the full-scale model, except as shown in Figure 15 and noted in the

data listed below:

1. Torus
a. Volume - 337.6 cu ft
b. Surface area - 830 sq ft

One hole, 0. 020-in. -
diameter per 5 sq ft

.1. 047 psia

Surface perforation

d. Pressure required

e. Inflation time to pressure - 2 min.
f. Inflation hold time - 6 min.
2. Lens
a. Volume - 20,257 cu ft
b. Surface area - 4,510 sq ft

Four holes,0. 020-in. -

c. Surface perforation -
diameter per sq ft
d. Pressure required - 0.002437 psia
e. Inflation time to pressure - 2 min.
f. Inflation hold time - 2 min.
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Figure 15 - Flight Test Inflation System Schematic
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Based on above data 1 lb of helium is provided which is 150 percent
of the calculated requirement. The pressure vessel will be a toroid
and will weigh approximately 11 lIb. A complete analysis of the sys-

tem, as summarized herein, is included as part of Subsection Two.

DEPLOYMENT MODELS AND TESTS

a.

General

A requirement of the contract was to deliver a 20-ft-diameter deploy-
ment model for vacuum deployment and an inflation system bread-
board to be used with the model. The contract also provided for
small-scale models to be built as required in support of the deliver-
able item. To this end one 6- and three 5-ft-diameter models were
fabricated. The 5-ft-diameter models (torus) were dimensionally
scaled to the design of the full-scale torus (which has subsequently
been ché.nged as part of the final design studies). The 6-ft model
was not dimensionally scaled and was built from existing tobling to

get an early evaluation of the deployment concept.

As previously noted, it is of primary importance to have an organized
deployment of the torus to prevent local failures (buckling) of the
metal rim cross section. This consideration and the assurance that
there will not be any locking and subsequent tearing of the films due
to packaging forms have been the dominant factors in the deployment
work performed to date. Although packaging and deployment have

not been optimized, reasonable and satisfactory solutions have been
adequately demonstrated. A brief history and results of this work

are given below.

Early testing proved that, with the relatively low pressure differ-
entials involved, successful deployment of the torus element could
not be effected on a table surface (including one coated with soap-

stone) because of friction due to gravity. All subsequent testing,
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and results reported herein, was performed on a water surface,
which effectively reduces friction due to gravity, and is therefore

. more representative of a gravity-free condition.

4

Six-Foot-Diameter Deployment Model

The 6-ft-diameter torus (2. 375-in. cross-sectional diameter) was
fabricated from 1-mil Mylar and included a 5-mil stainless steel
rim with two mechanical hinges approximately 180 deg opposed.
Figure 16 shows the approximate manifolded bulkhead arrangement

and the folding technique that was used.

Test data were not recorded but the model was deployed successfully

and served as a basis for the work that followed.

Five-Foot-Diameter Deployment Models

|o

(1) General

Several five-foot-diameter deployment models, itemized in Fig-
ure 8, were fabricated and tested. Such parameters as number
| and location of bulkheads, bulkhead hole size, method of pack-
aging, and deployment time were varied to determine design
characteristics. Figures 17 and 18 show the final configuration
‘used. Figures 19, 20, and 21 are photographic records of the
testing. Also 16-mm film strips of some of the depluymicnt

tests are available.
(2) Fabrication and Tooling
(a) Torus

The tool used for the five-foot model was a solid-steel form

representing half the torus cross section and slightly more

than one-fourth of the torus circumference. A hollow form
might have been better but time and cost favored a solid
section. The tool shown in Figure 22 was used for both
forming and assembly of the model torus. Each piece form-

ed on ihe tool comprised one-eighth of the complete torus.

-39-
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SOLID BAFFLE

HINGE A

INFLATION VALVES

MANIFOLD
THREE 0.06-IN.-DIAMETER HOLES

MANIFOLD
TWO 0.06-IN.-DIAMETER HOLES

MANIFOLD
TWO 0.06-IN.-DIAMETER HOLES

HINGE B

INFLATION VALVES

HINGE A

HINGE B

RIM

SOLID BAFFLE

HINGE A

HINGE B

APPROXIMATELY
6.5-IN. DIAMETER

Figure 16 - Packaging Sequence, Six-Foot Model
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53.0 St

3.75 DIAMETER

0.50-DIAMETER
MYLAR BOOM

S
lISTER

._..-_»-——/

60.0 DIAMETER

LENS = '
0.001 TYPE “z Y
“C" MYLAR

NOTE: DIMENSIONS ARE IN INCHES

igure 17 - Five-Foot Deployment Model Final Configuration
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Figure 18 - Five-Foot Deployment Model
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Figure 19 - Packaging Sequence for Five-Foot-Diameter Model Torus
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Figure 20 - Deployment of Five-Foot-Diameter Torus ‘ %

=45«




SECTION III '

Subsection One - Design Considerétions : .GER-IIVSOZ

i
¢
e o

L i e AR A

¥

10

Figure 21 - Deployment Test, Five-Foot-Diameter Model,
- Final Configuration
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PART FORMING METHOD

Figure 22 - Tool and Part Forming Method for Torus of Five-Foot-Diameter
Deployment Model
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(b)

One-mil Mylar was laid over the form aﬁd sealed to a flat
metal plate on which the form was mounted. The Mylar

was then slowly vacuum-formed to the tool contour in a 320 F
oven for about 15 min after which it was cooled and removed

to make the tool available for subsequent pieces.

To assemble the torus, two rough trimmed sections were
placed on the form and held in place with magnets and rubber
bands. Trim lines were matched to form and both halves
butt-trimmed simultaneously on the torus inner and outer
peripheral center lines. One-mil Schjelbond GT300 tape
was used to heat-seal the splice. Four 90-deg segments

and three end-to-end splices were made on the form. The
closing splice was made in the flat. Flow control bulkheads

were located in the torus as it was assembled.
Bulkheads
The tool used to make the bulkheads is shown in Figure 23.

A 10-in. square of 0.5-mil Mylar was centered on the form at
point A and draped along the sides. The film was then pulled |
tight in eight places at 45-deg spacing and the excess mate-
rial trimmed oili to make butt snlices. The splices were
seamed with 0. 5-mil GT300 tape and trimmed to line B

after which the trimmed-off material was removed. A .
0.75-in. -wide GT300 tape was then centered on trim line B
and heat sealed to the bulkhead. This made the bulkhead

ready for installation in the torus.

The bulkhead was turned inside out to place the tape adhesive
outward and replaced on the wood forming tool as shown in
Figure 24. The tool with the bulkhead was then inserted

aﬁd positioned to a predetermined location in the torus.

The bulkhead was then heat-sealed to the torus and the wood

form removed for the next bulkhead installation.
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MATERIAL - WOOD PATTERN PINE o A

1.75-IN.
SPHERICAL

RADIUS 0.375 IN.

- ~ A

2-IN. MINIMUM
— TRIM LINE B

Figure 23 - Bulkhead Forming Tool

GT300 TAPE
BULKHEAD
~_

g % -

\ i

WOOD FORMING TOOL

— TORUS

Figure 24 - Bulkhead Installation
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(c)

Rim-to-Torus Attachment

An assembly fixture was built comprised of a wood wheel
with eight sections in the rim, eight spokes, and a hub
designed so that all sections could be removed through a
4-in. -diameter hole. This tool also was used to assemble
the lens to the torus through the rim. Figure 25 is an ex-

ploded diagram of the assembly sequence.

The rim with one hinge in place was wrapped around the
wheel. The second hinge was located 0.5 in. from diamet-
rically opposite the first hinge. The location of the second
hinge was scribed on the rim, the rim removed,and the
second hinge brazed in place. The rim was then replaced
on the assembly fixture and GT100 tape tacked to the rim
with a heat-sealing iron. The first Mylar tab was positioned

and heat-sealed in place. The second GT100 tape was then

NUMBERS INDICATE THE SEQUENCE OF ASSEMBLY

-50~

Figure 25 - Rim-to-Torus Assembly Sequence
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(d)

(e)

tacked in place and the second tab positioned and heat seal-
ed. The third GT100 tape was then tacked in place, the
GT300 tape placed over it with its adhesive side facing to-
ward the torus, and then heat-sealed in place. The inflated
torus then was slipped over the above assembly so that the
center of the inside diameter torus seam centered on the
assembly. The GT300 tab on one side was heat-sealed to
the torus, the unit turned over and the GT300 tab on the

opposite side heat-sealed to the torus.

The orientation of hinges with the torus bulkheads is estab-

lished when the torus is placed over the fixture.
Lens Fabrication and Attachment

The lens was not built to scaled radius for the models used

for deployment evaluation. Eight gores comprised each

- lens, cut and seamed in the flat. The diameter in the flat

was 60 in. When assembled to the torus the lens was set
for a 59-in. diameter to provide enough fullness to simulate
a scaled lens. GT100 tape was used between the torus tab
and the lens with 0. 5-in. -wide GT300 tape for final tie in.
(See Figure 26.) |

One model was made for structural evaluation of the torus.
In this instance the lens was scaled for an 80-deg angle,
using 20 gores for a 4€.6-in. lens radius. No bulkheads
were used in the torus, and assembly to the torus was the

same as in the other models.

The lens for all models was made of 0. 5-mil Mylar, seamed
with 1-mil GT300 tape.

Inflation Hardware

4
Special inflation ports were machined from 1. 5-in. diameter
nylon rod because no commercial lightweight hardware was

available.

=51~
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Figure 26 - Lens-to-Torus Attachment

Analysis of Model Test Results

The five-foot model testing served as a basis for the configuration
design and testing of the 20-ft model. The test program did not op-
timize packaging and deployment but it did verify that an organized
and cantraolled deployment, which satisfied the critical conditions of
the lenticular system, was feasible. As a result ot testing thc five-
foot models several simplifying changes to the manifolding arrange-
ment of the torus were incorporated. These tests showed that further
simplification, and hence greater reliability, could be effected by a

comprehensive test program.

Twenty-Foot-Diameter Deployment Model 20-1

(1) Design

The 20-ft model configuration design was based on dimensional

scaling of the design of the full-scale satellite (which subsequently
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was changed as part of the final design studies), the model test-
ing work on the 6- and 5-ft models, and the contract require-

ment for vacuum deployment.

Model 20-1 was made with Mylar lens surfaces. Model 20-2,
described later, used wire mesh-photolyzable film for the lens

surfaces.

Vacuum deployment dictated torus manifold design and inflation
orifice sizes. The model was made initially with manifolding
and orifice sizes suitable for the atmospheric deployment that

was performed at GAC.
A modified Echo I canister was used as the packaging container.

Figure 27 defines the configuration and materials used for the
20-ft model. The main views of the figure define the configura-
tion for vacuum deployment with an auxiliary view provided to
show the configuration for atmospheric deployment. To facil-
itate ground deployment the tripod boom was provided on one

side only.

The importance of controlling the effects of residual air for
vacuum deployment has been discussed elsewhere in this report.
To obtain a minimum pressuic differential hetween the interior
of the canister and the exterior environment the lens and torus
were perforated and the interior of the canister arranged to
permit the flow of gas to a solenoid-operated valve. The canister
was initially pumped down as low as practical and then placed in
the vacuum chamber. After vacuum was reached, the solenoid-
operated valve was opened and soak time allowed for pressure

stabilization.
(2) Fabrication and Tooling
(a) Torus

The torus was made by vacuum-forming 1. 5-mil Mylar in
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a female mold using techniques that resulted in stretching
all areas in the forming process and minimizing the wrinkles

and seaming operations.

Figure 28 shows two views of the master model from which
the forming mold was made. The trim line for the part is
one inch above the mounting plate. The form was made as

shown in Figure 29.

Figure 30A shows the mold with necessary glass-cloth
bleeder strips in place to assure complete air evacuation
between the mold and film. Figure 30B shows the first
operation for placing the film on the form. Figure 30C
shows the film draped in the form prior to placement of the
sealing clamp ring. The film, as draped, is clear of the
bottom of the mold by approximately 1.25 in. Figure 30D
shows the formed part being cooled prior to removal. The
hemispherical ends are used later to make the air flow con-
trol bulkheads.

A 320 F oven was used to apply heat. A thermocouple attach-
ed to the film in the bottom area, between the mold surface
and film, was used to record film temperature. The av-
erage film te-mperature when the vacuum was applied was

220 to 240 F. The vacuum was applied over a three-minute
interval, after the film was up to temperature, in an attémpt
to equalize the amount of stretch throughout the part. When
the film came in contact with the mold its temperature fell
immediately to the mold temperature,which never exceeded
140 F. The thermocouple on the film confirmed this. The

oven cycle for forming took 10 to 12 min.

Figure 30E shows one segment of 1-mil formed Mylar with

ends closed and pressurized to 4-in. of water. This was
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Figure 28 - Torus Male Mold Pattern
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Figure 30 - Torus Female Forming Mold and Part Fabrication
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done to check the ability of formed sections to retain shape
under pressure with the ends free. No problems in this

respect were evident with visual inspection.

Figure 31 shows the torus assembly tool in two positions.
The tool can be turned a full 360 deg and locked in four
positions. Figure 32A shows the assembled bulkhead having
the GT300 tape applied for bonding to the torus. After this
0peration the bulkhead was turned inside-out to put the ad-
hesive side of the tape against the torus wall. Figure 32B

shows the bulkhead mounted and being heat-sealed in place.

The formed torus sections were mounted on this tool, trim-
med to 30-deg segments to lines on the tool, butt-trimmed
along the inside and outside diameters, and seamed with
heat-sealing tape. When all 30-deg segments had been pre-
assembled and numbered the bulkheads were installed in
designated places and the segments joined as shown in Fig-
ure 32C and D. The last seam was joined on this tool except
that only one-half the circumference could be set up at one
time. All seam material other than bulkheads was one-in. -
-ide GT301 tape of 1-mil Mylar.

Figure 32E shows the completed torus pressurized tor visuai
inspection of all seams and for any tendency to go out of
plane. The assembly passed a visual inspection by respon-

sible personnel.
Lens

To fabricate the lens a form (Figure 33) for a four-gore

section was made with a number of metal plates imbedded

on both sides of the gore trim line. After placement of the lens
material, magnets were placed over these plates to clamp

the film to the form,as shown in Figure 34.
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Figure 31 - Torus Assembly Tool
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| | Figure 32 - Torus Assembly
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The gores were precut oversize 0.75 in. on each side and
four gores placed on the form at one time. Figure 34C
shows the butt trimming of adjacent gores. The trimmed-
off material was removed and the seam made by first tack-
ing the tape in place followed by a finish seaming operation
The seam material was 0. 75-in. wide GT300 tape of 1-mil

Mylar.

When a four-gore segment was completed, the assembly
was removed from the form and carefully folded and stored.
For a complete model, 12 such assemblies were made. Fig-
ure 34E shows a four-gore assembly being removed. When
the four-gore assemblies were complete, two were replaced
on the form, with two gores of each adjacent to the mating
line supported and realigned to orientation marks on the
form and on the segments. The attachment seam was then

trimmed and heat-sealed,as previously described.

This was continued until six segments of four gores each
had been joined into one side of the lens. Figure 34F shows
the tape application on the closing seam of one lens. This
assembly was again carefully folded and stored, ready for

use.
Assembly and Checkout

A tool (Figure 35) was built to perform the assembly of the metal
rim to the torus and of the lens to the torus. The design was
based primarily on the anticipated need for removal through a
lens cap opening 9 in. in diameter. This tool was used to estab-
lish the rim diameter, the location of the hinges, and the boom
pins. It also served as a measuring device for checking the
torus inside diameter. Figure 36A shows the placement of the
last peripheral segment in the tool. Figure 36B shows the in-
stallation of the fish cords for removal of parts after the model

assembly was complete.
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The first step in the assembly was to mount the rim section with
only one hinge installed on the rim tool. The location of the sec-
ond hinge and of the boom pins was marked on the rim, the rim
removed and finishing operations completed. The rim was then
replaced on the tool and the torus positioned and inflated to check
its fit. Figure 36C shows the metal rim in place on the tool and
the torus in position, ready for fit checkout. A section of torus
can be added or removed, as required, to make a satisfactory
fit. On the first torus (Model 20-1),it was necessary to remove
one inch of torus circumference to accomplish what was judged

to be a good match.

The next step was to apply the tie-in tabs of 1-mil Mylar to the

rim. Figure 37 is a schematic diagram of the arrangement used.

One-inch wide GT100 tape (2.5-mil of resin without a backing
material) was tacked to the metal rim. A 2.5-in. -wide strip of
1-mil Mylar film was then heat-sealed to the rim. The tabs
were formed by heat-setting a crease at the edge of the rim over

the entire rim periphery.

‘A second GT100 tape was tacked to the assembly and a 2-in. -
wide GT300 tape heat-sealed in place. The GT300 tape was 1-
mil Mylar with a 0. 5-mil of resin on one >ide. In this case the
resin side was placed as shown in Figure 37. To provide a wider
seam area for attachment to the torus 7-in. -wide GT300 tape
wés applied as shown. This tape attachment was made using
3-in. -wide GT300 to avoid the extra operation; This entire
operation was performed with the torus deflated and out of the
way as shown in Figure 36C. Figure 36D shows the heat-sealing

operation during the application of the 2. 5-in. -wide tab element.

The next step was to attach the first lens to the tab. GT100 tape,
0.75-in. -wide, was tacked to the tab, one edge being aligned

with the rim edge. The lens was positioned and tacked in place,
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Figure 37 - Schematic of Rim-Tape Arrangement

followed by the heat-sealing operation. Figure 36E shows the
heat-sealing operation being performed. There are 12 segments
in the torus and 24 gores in fhe lens. Orientation of the lens to
the torus was set up on the basis of every other gore seam being

lined up with a torus seam.

When the first lens attachment operation was complete the torus
was attached on one side. This operation was introduced at this
point so that the inflated torus could be used as a rigid structure
for the turn-over operation. Figure 36F shows the placement of
the torus prior to inflation; Figure 36G shows the heat-sealing
operation of attachment to the torus, and Figure 36H shows the
heat-sealing of the 1-in. -wide reinforcing GT300 tape shown in
Figure 37. The reinforcing tape was applied at this stage be-

cause the operation was easier to perform under these conditions.

The assembly was now ready for turn over to install the second

lens (See Figure 38). Figure 38A shows the first stage of this
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Figure 38 - Model Fabrication, Turn-Over Operation
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operation. It was anticipated that the assembly tool would be
locked in place firmly enough to stay with the part. However,
the weight of the tool was too great and there was separation as
shown in Figure 38. Figure 38B shows the second stage of the

turnover,.

At this point the assembly tool was removed and set aside in the

disassembled state. Figure 38C shows the third stage of the

turn-over operation,and Figure 38D shows the last stage. The

high billowing of the lens was due to air trapped between the

floor and the lens.

Figure 39A is a view of the model inflated, with both lenses and
the booms in place. Figure 39B shows the 1-in. -diameter booms
fabricated from 1. 5-mil Mylar film with air feed umbilicals that
attach to the torus and lens. Burst of three 36-in. -long boom |
test specimens at 45-psi test pressure was equivalent to a factor
greater than 100. Rupture did not always occur at the seam.
Figure 39C shows the attachment of the booms to the boom pins
on the rim. A polyurethane resin, GTR D1569-F838, was used.
The resin, which is a two-part system, was catalyzed and painted
on thé pins and allowed to dry tack-free. The Mylar tube was
slid into place and heat-sealcd at 250 F. To attach the umbilicals
to the torus, flanged Mylar fittings were formed and attached by
heat-sealing methods, using a combination of GT100 and GT300
tapes. The booms were bonded to the canister by the same
procedures that were used for bonding to the boom pins. Figure

39D shows the attachment of the umbilicals to the torus.

The Model 20-1 lens and the torus were perforated with 0. 020-
in. -diameter holes; three per square foot for the lens and two
per square foot for the torus. The perforation was accomplished
using a soldering iron modified by brazing a needle to the tip and

insulating the assembly to guide the heat to the needle tip.
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Approximately 3/8 in. of the needle tip was left bare. Figure
40 shows the perforating operation in process. A paper pattern
was used, as shown, to permit a fair degree of control of hole
pattern. The assembly was in the inflated condition while the

| perforating operation was being performed. As more and more
holes were completed the air feed had to be increased to keep
the model inflated. This fact attested to successful perforation.
This operation was performed after the atmospheric deploy-

ment tests on Model 20-1.

The model was deflated completely, using a vacuum cleaner for

air removal,and then inflated to check out inflation sequence.

Before the model was shipped the bulkheads were modified by
1 reducing the hole sizes. To make this modification a cut through

the torus was made and later repaired.
] (4) Packaging
As previously noted,optimum packaging was not attempted. The
‘ objective was to package the satellite so that organized deploy-
ment of the torus, to prevent local failures (buckling) of the

metal rim cross section, would be effected, free from any lock-

— ing and subsequent tearing of the films.

The packaging arrangement developed through the five-foot
model testing and successfully used for the GAC tests on the
20-ft model is shown in Figure 41. A 16-mm film strip is

available that shows actual packaging.

To start the packaging operation, both the torus and lens were

evacuated and laid flat on the floor. The torus was made into

a C configuration with the two hinges in the metal rim and the
metal rims lined up. A 10-in. -diameter aluminum drum 48-in.
long was positioned at the end of the C opposite the inflation
ports. The assembly then was rolled so that the half section of

the torus containing the bulkheads was on the inside of the pack.

276-
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Figure 41 - Packaging Sequence, 20-Ft Model
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The lens and torus were rolled together, keeping the inflation
boom out of the pack. The lens was then folded in an accordian

pleat, starting at the cone apex formed by the rolling operation.

‘The torus was then folded to compact the package further. The

roll was creased inward along two sides and then an accordian
fold made. During this study no attempt was made to minimize |

the package volume of the models.
Canister Details

An Echo I canister was modified as shown in Figure 42. Bas-
ically the modification consisted of (1) adding a perforated inner
liner to reduce the effective volume and (2) adding an adapter
fitting that serves as a termination of the tripod boom, provides
inflation lines and electrical lines interface, and provides the

canister evacuation value.
Deployment

A deployment test under atmospheric conditions was run at GAC

'on Model 20-1 before installation of the deflation holes. The

modifications to the model (torus manifolding and inflation or-
ifices) are as noted in Figure 27, and the inflation system analysis
is as shown in Appendix C. Certain times, (1) to reach torus
pressure, then hold and (2) to reach lens pressure, were assumed
in the inflation system analysis and served as a basis for the
inflation system design details such as torus manifolding, inlet
orifice sizes, supply pressure, and supply line sizes. Because
the assumed times were believed to be conservative (minimum)
and as such dictated the supply pressure required (which in turn
relates directly to the energy to be absorbed by the system) it
was determined to run the actual test at reduced supply pressure.
The selected supply pressure, 35 psig, resulted in a satisfactory
deployment. Because inflation time is related directly to supply
pressure (for fixed manifolding, inlet orifices, and line sizes) a
the tcst results shows a close correlation to the infla-
tion analysis. :
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A schematic of the setup is shown in Figure 43 and a photo
sequence of the test in Figure 44. A 16-mm film of the actual

packaging and deployment also is available,

The deployment was run on a water surface and was completely

| unattended except for a line attached to the booms to balance

manually the effect of gravity.

The deployment was successful and demonstrated the feasibility
of the system as designed. The effects of residual air on deploy-
ment were investigated at LRC during deployment tests in the

60-ft-diameter vacuum chamber.

(7) Repair Techniques
(2) Torus

Wherever a tear occurs or an entrance must be made into

the. torus, the opening can be repaired as follows.

1. Deflate the torus sufficiently to allow

it to lay flat.

2. Line up the edges of the opening so they
fit together properly.

the opening.

4, Heat-seal the tape in place with a 340F
iron. Be careful to minimize contact of

the iron beyond the edge of the tape.

5. If the edge to be repaired is jagged it
might be necessary to apply more than
one strip of tape, with tape ends over-
lapping. Such a condition will destroy
the continuity of the radius of curvature,
but will not affect the operational func-

tion of the torus.

-80-




— SECTION III
| Subsection One - Design Considerations GER-11502
i
i
| —
—
1.312-IN. DIAMETER DRILL
ro.sOO—m. DIAMETER ORILL
0.38 IN.o‘ '. i as
— 4010 N, 10.5 DEG (REFERENCE)
] i /44N, NPT
i = warc
i ’ (MATCH
l ’ /e DETAIL 7)
N x « / ) 0.141-IN. DIAMETER DRILL 10 HOLES TO
. N e / MATCH NASA CANISTER NO. 403825
| 3 '
! = 4z + 30066 NS
R 8 038 IN. ‘ /
z : z .
LI g
v Y
; I
} L 0.375-IN. DIAMETER HOLE
{ 4-48 TAP 4 HOLES 0.25 IN, DEEP
! 1.13-iN. DIAMETER HOLE FOR AN 31020-20-335 (DO NOT BREAK THROUGH)
- ELECTRICAL FITTING LOCATE FROM AN 31020-20-335
ELECTRICAL FITTING
/'GASKET (0.83-1N. THICK) -5 DETAIL (ONE REQUIRED)
MAKE FROM 6061-T6 ALUMINUM
i i a {OR EQUIVALENT)
— X i g
Iy {
| /! |
H ! =1-5.16-IN.-12, AN924-16

{OR EQUIVAL

Py

GASKET (0.03:

NASA CANISTER NO. 403825
REWORK AS SHOWN CANISTER
WEISHT FOR UPPER HALF 22 LB

&
/\/’\9 —1.75 IN. 2.
2 -\+7 P

™Y osoin r_

NUT ANU WASHER

TORUS INFLATION LINE
1.00-IN. INSICE CIAMETER

1 i
L L ! LENS INFLATION LINE

0.25-IN. INSIDE DIAMETER __

-1.2-iN,-13 STANDARD
NUT AND WASHER

5 16-IN.-18 STANDARD NUT
AND WASHER

ENT)

A-23187-25 SOLENOID VALVE {110 VOL. T}
AIRMATIC VALVE INC., CLEVELAND, OHIO
CANISTER EVACUATION VALVE

ANS20-4-5 ROUND HEAD MACHINE SCREW

(CR EQUIVALENT) 4 REQUIRED

AN9E0-4 WASHER (OR EQUIVALENT)

4 REQUIRED

AN520-6-8 ROUND HEAD MACHINE SCREW

{OR EQUIVALENT) 10 REQUIRED

ANE0-6 WASHER {OR EQUIVALENT)

10 REQUIRED A

£ AN 31020-20-335 ELEL 1 mivAC T
POT WIRES IN PLACE

HIN. THICK)

NOTE:
1. PLUG ALL EXISTING HOLES IN CANISTER

50 IN. 1-5/16-IN.-12,
/UN-3A THREAD 1.
FITTING END PER

25 IN.:

i )TG‘ ?——-‘ ['H‘\‘\“h“ﬁ
-y > H 3 _f..‘ et £-1.00-IN. INSIDE DIAMETER- /1
SARRIAY D

\"L_ii_-_-:
[

02% m.o{ 1}—1 .50 \N.—L-‘-—a]

0.88

COLLAR MAY BE
WELDED IN PLACE
(OPTIONAL}

IN.

3.125-IN.
(MATCH DETAIL -5)

"
5/16-IN.-18 THREADS

DIAMETER

DETAIL -7
MAKE FROM 1020 STEEL
{OR EQUIVALENT)

Figure 42

Canister, 20-Ft Deployment Model, Lenticular Satellite

~-81-



r 2-IN.-13 THREADS

4

0.38-1N. DIAMETER

N\

|» 0.38-IN. DIAMETER

0.75iN,

DIAMETER

-3 DETAIL (1 REQUIRED)
MAKE FROM 1020 STEEL
(OR EQUIVALENT

+1-17.00-(N. DIAMETER — —
1

' [+4
w
-
w
i
i & 3
. I
z @
8 el
o \EJ %
B - - iz
| 3o
! i .
| 2 )
| P
|
NASA CANISTER NO. 403824 j
REWORK AS SHOWN CANISTER 3 6 ATTACHMENT
WEIGHT FOR LOWER HALF LOCATIONS A
162518
6.00 IN. 10.88 IN.
i
-Y FERFURAY CU ALumiivGin /<
COVER WITH NO. $122 TELFON
SPRAY

.
4"€ré -3y
%,

300
{TYPICAI

S ! »
/6—552 SQ IN. AREA




SECTION III

Subsection One - Design Considerations GER-11502
o 9
+ +
LENS MANOMETER + + ToRUS MANOMETER
+ +
+ +
—— =
]
I TORUS SUPPLY
LENS SUPPLY : ‘ (35 PSIG)
(35 PSIG) i
2,

\

ANTI-GRAVITY LINE

TEST SEQUENCE

1. PLACE PACKAGED MODEL ON WATER SURFACE AND ATTACH
ANTIGRAVITY LINE, TORUS SUPPLY LINE, AND LENS SUPPLY
LINE.

2. BALANCE GRAVITY AND OPEN TORUS SUPPLY LINE UNTIL
TORUS MANOMETER READING OF 8-IN. HZO IS REACHED.

3. MAINTAIN TORUS PRESSURE AND OPEN LENS SUPPLY LINE
UNTIL LENS SHAPE IS ESTABLISHED.

WATER TANK APPROXIMATELY 20-FT SQUARE

Figure 43 - Deployment Test Setup, 20-Ft Model
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"Figure 44 - Deployment Sequence, 20-Ft Model
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(8)

(b)

(c)

(d)

(e)

Mylar Lens

The Mylar lens can be repaired in the same manner as the
torus except that GT300 tape shbuld be used instead of GT301.
It is also possible to remove seaming tape on the lens by
heating and peeling it back. The used tape can be replaced

although it is preferable to use fresh stock.
Photolyzable Lens

Presently the best method of repairing tears and cuts is to
use a Mylar pressure-sensitive tape. It is also possible to
use other pressure-sensitive film-backed tapes for repairs,

but Mylar is preferred.
Boom Attachment

The booms were originally attached to the metal rim at both
ends,using a two-part polyurethane resin. An epoxy system
can also be used for field repairs. However, the bonding
surfaces must be cleaned thoroughly with acetone before

rebonding.
Ring Separation

Unless the degree of ring separation from the torus is ex-
tensive, no repair attempt should be made. If repair shouid
be necessary, the assembly should be returned to the manu-

facturer.

Breadboard Inflation System

The breadboard inflation system was designed and fabricated to

control and monitor the inflation of the 20-ft model under vacuum

conditions. (See Figure 45.)

The breadboard consists of two pressure regulators to control

inflation pressures. Hand-operated valves are provided to con-

trol inflation of the lens and torus. Two Hastings vacuum gages
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are mounted on the panel for visual monitoring to prevent over-

pressurization.

For satisfactory deployment in a vacuum chamber, the 20-ft

model was designed to deploy under the following conditions:

1. Eliminate as much friction as possible on the
deployment surface by mechanically raising the

booms to over come gravity and friction.
2. Set breadboard pressure regulator to 5 psia

3. Open canister (after residual air has been

evacuated) and let model free fall

4. Open torus valve and inflate torus to 0. 317 psia
(16. 4 mm Hg) and maintain this pressure while

lens is inflating

5. Open lens valve and inflate lens to 0. 0048 psia

(248 micron Hg)

Twenty-Foot-Diameter Deployment Model 20-2

To fabricate Model 20-2 using a photolyzable film-wire lens, the
same tools and procedures were used as for Model 20-1. The lens
gores were put togeincs with GT200 tape 0. 75-in. wide. The four
gore assemblies had been made approximately one month before
final assembly into the lens. In the making of the torus, the hole
sizes in the bulkheads were originally made for vacuum chamber
deployment, so that changes that had to be made on Model 20-1 after

atmospheric deployment were not required on Model 20-2.

The porosity of the lens material was high enough to eliminate the

need for perforating the photolyzable lens,as was done on the Model
20-1 Mylar lens. Under ambient conditions it was necessary to put
one of the large nylon fittings in the lens to achieve inflation to just

slightly more than zero pressure.
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Packaging and deployment eéxperience indicates that for any future

models using photolyzable film-wire mesh, the center cap must be

made of a stronger material to withstand the rigors of packaging.

g Fabrication Forecast

(1)

Flight Test Model

The fabrication procedures for the 50-ft model will be the same
as for the 20-ft model. Because the torus cross section has
been reduced to 19 in. the torus can be made from approximate-
ly 15 segments, only two more than for the 20-ft model.

The number and width of the gores will depend on the width of
material available at the time. There will be some handling
problems to be solved for the lens gores. The only other major
problems of fabrication will be the manufacture of the metal rim
and an improvement of the method of attaching the rim to the
torus. In this instance the problem will be to make the rim and
the wire grid of the lens have a more intimate common bond

than now exists.

Handling problems might occur when the packaging of the as-
sembly takes piace. These will involve floor space, head room,

and the use of lightweight overhead block and tackle units.

Figure 46 shows the tooling and fabrication techniques that were
used at GAC to construct a 10-ft-diameter solar concentrator,
which are representative of lenticular satellite requirements.
Methods of checking contour accuracy at ambient and vacuum

conditions are also shown.

Figure 47 shows tooling and fabrication techniques that will be
quite similar to the requirements of the 50-{t satellite flight-
test model. Figure 48 shows the contour measuring system

that could be used while the lens surface is pressurized on the
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GER-11502

Subsection One - Design Considerations

SECTION III

rn

1IVASOUIV

YOUYIW G3ZIaIoN
WY0d4 40 SHIIHI YNOLNOD

i

fr;:uw_ln.\.uk\_\ \ o
NOILYINIWNYLSNI

; ANY FUNLIXId ¥IIHD HLIM
3J1A30 INIWIUNSVIN UNOLNOD

N4 1S30 No HoudiA
NOILYZIGIDIY WNNIYA

1 Rk

Figure 46 - Fabrication and Contour Check, 10-Ft-Diameter

Solar Concentrator

-90~




GER-11502

Subsection One - Design Considerations

SECTION III

T I o oy

ev 35v4S0¥IV ¥VIAGOOD

V1AW TIN |
wmzcu 0s

o fd bt b Lt

e 3 S NN - 2
{] llrﬂiﬂ |

1

i

xf‘

i 4L

L y3aRw
| ONI1000 30 >ﬁLx

_ ~
|
(a3 INSNI) |

Vi | SNV4 NOILYIINI'

Figure 47 - Fabrication Techn

, 44.5-Ft-Diameter

ique

-

Solar Concentrator

-91 -




GER-11502

Subsection One - Design Considerations

SECTION III

i g e S ?f«.»&x&. TR ST S T B g

> e "WYIo 14 09 - To0L
z

| 0 H NI LE0 z 3UNSSIYd NOILYI4NI
v 0% 00t 0 002 08

w._u “.Eow .—zS<B< mz< s_ﬁ._m -

. ~r - } ~

o s wonw cmg
LR it £

(SIHONI) Sniavy

1
. S
1

i

HE . -
L on wwonoou |

i
{

8g2 84

03)

SMOONIM NOILOIJSNI

...__.__..__.._,_._...,.
3

~— HOYYIN 40 ucou
-~ dN=AYY 40 3903

8NH 403903 - ™

a3

|
dn-Av1 30

3NN Y3LNDD

SINIWIUNSYIW ¥NOLNOD QILVIANI

(SIHONI) HNOLNGD TYNIWON WON4 NOILVIA3Q

ulxu—

001 NO nmE._h_z_ zcmz_s

‘Ill‘ll!i!cll

Eigure 48 - Fabrication and Contour Checkout Fixture,

44, 5-Ft-Diameter Solar Concentrator

-92-



SECTION III -
Subsection One - Design Considerations ‘ GER-11502

tool. Contour accuracy data for several representative gores
of the 44.5-ft-diameter solar concentrator indicate good overall

construction characteristics.

'Figures 49 and 50 show another method of fabricating wire-grid

satellites used on grid-sphere models. Hexagonal and pentagonal
preformed panels were assembled into a 14-ft-diameter sphere

that had good r-f and dimensional characteristics.

Full-Scale Satellite

The basic design of the full-scale unit has been established.
However, an analysis of the design in terms of fabrication pro-
cedures has not been made. Essentially the same procedures
that were used on the previous models will be used. The geom-
etry of the subassemblies will probably vary considerably. The
major causes of the variations will probably be controlled by
material stock sizes that are available, and the desire to keep
tooling within reasonable bounds. It is also possible that changes
in the basic materials might cause changes in the fabrication

approéch.

The experience gained by LLRC on Echo I and Echo II is directly
related to fabrication and handling problems expected with the

full-scale lenticular satellite.

h. Deployment Tests in LRC Vacuum Chamber

(1) General

Preliminary deployment tests were conducted on two 20-ft-
diameter models of the proposed gravity-gradient-stabilized
lenticular test satellite in the 60-ft vacuum chamber at LRC.
Two tests were conducted on Model 20-1,which was the all-
Mylar model. One deployment test was conducted on Model 20-
2,which had a photolyzable film-wire mesh lens and a Mylar
torus. The models were geometrically similar to the proposed
full-scale lenticular satellite.
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Instrumentation was provided to obtain pressure data on the
various satellite components to control and analyze deployment.
Suitable stop-action, high-speed, and real-time cameras were

provided to document the deployment.
(2) Deployment Tests of Model 20-1

The test objectives of Model 20-1 were (1) to establish a reason-
able canister pump-down procedure, (2) to evaluate the vacuum-
sphere test arrangement and procedure, (3) to evaluate residual
air effects on the satellite configuration, and (4) to evaluate the
test under satellite configuration deployment and inflation se-

quence.

Figure 51 shows schematically the test setup used in the 60-ft
sphere. Model and canister pressures were monitored through
transducers at strategic locations within the model and the can-
ister. Following canister separation the upper half was lifted
to provide room for boom and lens deployment, and to help re-
lieve friction forces between the model and the deployment sur-
face. Figure 52 shows the deployment sequence along with
characteristic pressures involved. Both the roll-accordian fold
proposed by GAC and a pure-accordian fold method were tested
to determine the effect on canister pump-down and madel deploy-
ment. Each packaging method seemed satisfactory for the

satellite design under consideration.
(3) Deployment Test of Model 20-2

The test objectives of Model 20-2 were to determine the char-
acteristics of the wire-mesh lens after it had been packaged in
the evacuated canister for a short time and to determine the

effects of the lens material's inherent roughness and low strength

on model deployment.

The only apparent effect of packaging the model, evacuating the

canister, and shipping was that some of the lens wires worked
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Figure 51 - Vacuum Deployment Test Schematic

loose of the photolyzable film in a small area close to the metal
rim. This was the largest model fabricated of photolyzable-
film, wire-mesh material up to that time. The model fabrica-
tion and tooling and handling techniques were very successful
when it is considered that this first attempt primarily was to

pinpoint the major problem areas.

Deployment of Model 20-2 in the vacuum chamber was unsuc-
cessful when an adhesive failure separated a boom from the torus,
thus making it impossible to complete the inflation process. It
was found that the seam tape separated from the lens material in
several areas. Subsequent testing has shown that the tapes that
were used in the model construction are not compatible with the
photolyzable film and that peel strength was lost after a short
time. Several other tapes that are now readily available have
been tested and found suitable for model construction of photo-

lyzable film, based on preliminary test information. Construction
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and testing of Model 20-2 provided information valuable for
development of both larger and smaller models of prototype

materials of the immediate future.
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SECTION III - TECHNICAL DISCUSSION - PHASES I AND II

Subsection Two - Systems Analysis

GENERAL

Various studies, analyses, and tests have been made in support of the
lenticular satellite program. These efforts were directed toward im-

proving the configuration and raising the confidence level.

This subsection presents the structural and thermal analyses for the cur-
rent designs for the full-scale and the flight-test models. A comparative
stuly of alternate designs is also included as well as conclusions and rec-
ommendations. The design of the 20-ft deployment models was supported

as needed3 but is not reported herein.

The full-scale and the flight-test designs are shown in Figures 9 and 13,
respectively. For convenience in reading this section the principal fea-
tures are shown in Figure 53.

Item 6 is a list of symbols that are applicable to all items of Subsection

Two except 2g, 2h, and 35 - which include their owun lists of cymbels,
and except for su& other instances where symbols are defined in the

immediate text.

FULI-SCALE SATELLITE

a. Lens

—

(1) Inflation Pressure

The lens material of the full-scale satellite consists of 1. 0-mil
copper wires woven in a plain weave pattern, 21 wires per inch

in both directions, and bonded on a 0. 5-mil photolyzable film.
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For the determination of the lens rigidization pressure at the
i anticipated temperature of 200 F, the yield strength of the cop-
b~ per was taken as 23, 000 psi while the photolyzable film was neg-

lected. Hence,the required stress on the surface of the lens is,

. _ il 2
| f()y - 21(2)(0.001) (23, 000)

- . 0.3793 1b/in .

Although the photolyzable film strength (about 1200 psi ultimate)
- was neglected in the determination of the yield strength of the

| lens material, it is, nevertheless, sufficient to seal the inflation
gas in the lens. Diaphragm tests conducted at 200 F proved that
the film held very satisfactorily much higher pressures than
would be required to yield the lens material in the actual satel-
lite lens. From five 12-in. diaphragms tested at 200 F (desig-
nated as specimens 8, 9, 10, 11, and 12), specimen 9 failed at
8.0 in. HZO’ (0. 29 psi) which is about 1000 times as high as the
pressure p}Q that yields the lens material. All other specimens
- failed at pressures higher than 8. 0-in. HZO' (See Subsection
Six, Tables XXXIII through XLIV,)

P ' On the supposition that the lens surface consists of two identical
spherical domes oi 54-dey central angle, the uniform stress in

Lo the lens can be found4 from the equation

p
W A )
Equation 1 can be solved for the lens rigidization pressure;

2f

= J_«Y

P}Z P
2 X 0.3793
T 200 X 12

0.316 X 10°° psi .

"
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(2)

Buckling Pressure

The critical buckling pressure of a spherical dome is given by

the equation

d3
Pep 0. 191Ec—7 (2)
Sp
where
EC = modulus of elasticity of copper wires =
10 - 16 X 106 psi,
d = wire diameter = 0.001 in.,

s = wire spacing = —Zl—lin. = 0.04762 in.,

p = radius of dome = 200 X 12 = 2400 in.
Substituting numerical values in Equation 2 results in
(0.001)”
0.04762 X (2400)2

_ 6
p., = 0.191(10)10

= 69.6 x 10710 psi .

Assuming specular reflection, the solar radiation pressure that
-10,
)

-10 . .
= 13.6 X 1¢ ci, which

hits the dome is 2 X (6.8 X 10

"3

is about one-fifth the critical pressure.

As shown in Figure 176 the test points from four specimens on
diaphragm tests are in good agreement with the collapse pres-
sure curves. With a safety factor of five on the design pressure
it is clear that even under the least favorable conditions the lens
rigidization can be considered safe (all test points in the graph

being above the theoretical curve).

b. Torus

The to.. . is a structural component that is fastened along its inner
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equator to the edge (rim) of the lens. The torus serves two purposes:

1. By its gradual inflation, which is started at a
point and proceeds in one direction around the
circle the torus offers the first and most im-

portant step in the deployment of the satellite.

2. With its capability of carrying uniformly dis-
tributed radial compressive loads, the torus
constitutes a supporting structure for the lens

to assume its final shape upon inflation.

After the rigidization of the lens, the torus serves no purpose and
therefore it should be photolyzed. The photolyzable film (Type II)

for the construction of the torus, which is mentioned in References 1
and 3 is presently still in an experimental stage. Although modulus

of elasticity and ultimate strength values (0. 444 X 106 and 10, 000 psi,
respectively) are realistic values, the material is presently too brittle
for packaging. Work is continuing on the development of high strength

photolyzable film with good packaging characteristics.
The torus design criteria are three:

1. Buckling - the torus must have enough bending
and torsional stiffness so that it will not col-
lapse under the uniform radial pull from the

lens.

2. Wrinkling - the torus must be pressurized high
enough so that the circumferential inflation
stresses will be greater than the compressive
circumferential stresses caused by the radial

pull of the lens (hoop compression).

3. Strength - the torus material (film) must be

strong enough so that the maximum meridional

-105-
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stress at the inner equator will be lower or
equal to the strength of the film divided by the

desired safety factor.

Extensive experimentation with a five-foot diameter (inner-equator
diameter) torus indicated that the first of the above three design cri-
teria can be neglected. In all tests, under various torus and lens
pressures, the torus showed no signs of in-plane or out-of-plane
collapse,even at lens pressures almost twice that theoretically re-
quired to collapse the torus. (See Subsection Six, Item 3, a.) The

design criteria are established as follows (see Figure 54):

Figure 54 - Torus-Lens Axial Section

-106-



SECTION III

Subsection Two - Systems Analysis GER-11502
1. Buckling criterion:
< 1 12
q = 371 (3)
(R grtar

2. Wrinkling criterion

R + 1) € par’ (4)
. 4
3. Strength criterion
Pe¥ r\ < 10,000
zq(z +®) * s (5)

Using a factor of 1.25 on the pressure in Equation 4, and the same
value in the denominator of the right-hand side of Equation 5, these

equations give respectively

ptﬂrz 2 1.25(2)(0. 3793)(0. 74314)(R + 1)

or
2 >

ptr £ 0.2243(R + r) (6)

and
< 16’000tt
pr S ——— (7)
2 += '
R

Eliminatin between Equations 6 and 7 and solving the resultin
gPt q g g

equation for r/R and neglecting small quantities of higher order yields,

r o_ 2
R 7T,333, -3 (8)

Let tt = 1 mil.

Then Equation 8 gives
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-108-

ro_ 2
R ~ 68.333

0.02927
r = 133.83 X 0.02927
= 3.917 ft

= 47 in.

The inflation pressure can be found from Equation 7;

Rim

(1)

(2)

/1) 16.0
Pt = \37) 2702927

0.1678 psi

General

The stress analyses of the satellite configurations considered in
Reference 3 have shown that insofar as the rim is concerned the
stresses are negligibly small. Therefore,deflection calculations
are presented for the final configuration. Preliminary investiga-
tion indicated that for in-plane deflection the condition IV-AM-
OF'F is critical, while for out-of-plane deflection the condition
LUi-ANM-ON is critical {see Appendix A.Tables A-III and A-V,
and Reference 3, pages 338 through 340). Concentrated loads

at the ends of the tripods and distributed loads around the rim
are given in general terms in Table IV for these critical condi-

tions.
Maximum In-Plane Deflection

The maximum in-plane deflection is derived as follows (see Fig-
ure 55).
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- =110~

Q=9

1 -3 {133.83 , 133.83
-3(3.0019) X 10 (19T5-3'+W—'. 0. oo)

-1.1492 X 10'31b

q.. = -27.248 X 1077

rx sin 4 1b/in.

Maximum deflection at point 1 (§ = 60 deg) due to the concen-

trated loads Q (Reference 3, page 128).

ZPZR4 L
WA = 0.0079 —2— (—— + -—)
Q 3EL, \H *H,

1]

2\ 3.0019 X 1072 x 1606% /1 1 )
0.0079{3 A 12)\190.53 * 300
3 x 18 X 10° X 0.01488 '

0.094 in. (very small)
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Maximum deflection at point g = 9.0 deg due to distributed load
Ay (Reference 3, pages 206-208).

4
908 27.248 x 1077

_ ) X 1606
q OEL; . 18 x 10°° x 0.01488

0.226 in., (very small) .

Because both maximum deflection due to Q and q are very small,
(these deflections occur at different places) the maximum deflec-
tion, w, due to the combined effect of the forces Q and q need not

be determined.
(3) Maximum Out-of-Plane Deflection

The maximum out-of-plane deflection is derived as follows (see
Figure 56)., From Reference 7, page 28 the loads F are

P
F, = -F_ = (cot @+ cot 0!/)

_x
1 2 \/3— u A

_ 0.6034 X 10'3 190.53 + 300.00

- ﬁ 133,83

= 1.2769 X 10‘31b.

/\(\%1 (uP)

\ ¢

60 DEG
> Y
60 DEG
F, (DOWN)
Y x

Figure 56 - Rim Plan View with Loads Causing Critical
Qut-of-Plane Deflection
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The deflection (Reference 3, page 542) at five places (4 = 60, 90,
120, 150, and 180 deg) is given by equation

[0 ] [0 7
3 |0.5823 5 | 0.7891
5 F|R FR
) = BT 0.9872 | + —=3 1.0061
0.6396 0.6859
—’O — _0 aed

Substituting numerical values in the above equation yields F1R3/
EI_ = 1.648, F1R3/GJ = 22.325, and

[ 0.07] [ 60
18.6 90
? = 241 inches at ¢= 120 ,respectively |
16. 4 150
| 0.0 | 180 ]

from which it is concluded that the maximum out-of-plane deflec-

tion, at about 5= 115 deg, is 24.5 in.

d. Tripod
The tripod booms are analyzed for the maximum anticipated axial
compression in combination with distributed loads, that come from
gravity-gradient, inertia, and solar radiation in the most critical con-
dition, which is specular reflection with the solar rays normal to the
axis of the boom. Table A-I of Appendix A shows that the critical con-
dition for the booms is either I-B or III-B (in both cases Boom No. 1
is critically loaded). Of these two conditions, the first is the most

critical when ¢ = 90 deg and with the photolyzable film on.

The maximum compressive load, L, in the boom is
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2r i
_ cos o _ _ sin @
L= MuHuw cos @ 2\/5(1 A) sin @ J
L u u
_ 2[ 1.0
= M,H 0|0 - 243(1 - 0.541) ——0_4074]
' 2
= -3.903 M H w
uu
- -1 133.83
(@, = tan * 355700
= 24 deg 2.5 min)
But
MuHu = MIHX
_ 285 X 190.53
- 32.2
= 1686.4 slug-ft.
Therefore,

L =-3.903 X 1686.4(0.6243)2 X 10~

6

3

= -2.565 X 10 ~ 1b.

Gravity-gradient and ineriia distributed load far o =

90 deg can

(9)
be

found from the first of Equations 25 of Reference 7, page 20; then

dF
n

ax

9n

-3 2 cos -
m, W a, iy

3m wz cos
by au ’

The solar radiation pressure for specular reflection per unit length

of boom is given by equation
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_ 8. (p_>
9s = 3T, \¢

= 1815 x 10°1%

T 1b/in. (Reference 3, page 212) .
Then the total distributed load, q, is

'Z 2 -12

| q = 3m, yw® cos a +1815(107} )r_ (10)
i : where y is measured in feet along the radius of the rim (0 = y < R),
‘ m, the mass per unit length (inch) of boom,and r the boom radius

in inches; the units of q are lb per inch.

i Assuming that the booms are made of 2-mil aluminum wires® form-
ing a 0,5-square in. grid, bonded on 1-mil Mylar film and that the
boom radius is rO = 1.5 in., the trapezoidal load on the boom can be

determined from Equation 10, as shown in Figure 57,

LG;A\Jlllillilii}__L
Ak S~ w ///“B(RIM)

T e — ——

e e I e

- ! —

Figure 57 - Tripod Boom Critically Loaded as a Beam~-Column

aPurpose of the wires is to provide some local stiffness so that, when the
pressure in the booms is lost, the skin is prevented from wrinkling back to
the folds that form during packaging.
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3

Axial compression L = 2.565 X 10 ~ 1b (Equation 9)

)

21r(1.5)[(o.05)(o.001) +2% 2 X %(0.002)2(0. 1)]-:—32.2

15.025 X 107° slugs/in.

1/2

2 4 133.83%) = 328.5ft = 3942 in.

Beam length £ = (300

~

3 X 15.025 X 10°9(0)(0.38975)107%(0. 91325) + 1815 x 10" 1%(1.5)

A

2.7225 X 1077

6

3 % 15.025 X 10" x 133.83 x 0.38975 X 10 °2(0.91325) +

2.7225 X 1077

(2.1470 + 2.7225) X 1077

4.8695 X 1072 ' J

1]

(10)

If a factor 1.5 is used to convert limit to ultimate loads, then

L =3.848 X 107 1b
q, = 4.084 X 1077 Ib/in.
ag = 7.304 X 1077 1b/in.

Because stresses are of no particular interest (Reference 3, pages

214, 215) only derivation of deflections is given below.

Reactions A and B:

=115~



SECTION III
Subsection Two - System Analysis GER-11502

>
!
|

>+ 3% (g - 908 = £R(2q, +ag)
q,f (11

Bending moment at x;

3
- R I x_
MX = Ax + Lw > 9% z (qB qA) 7 . (12)

Differentiating this equation twice with respect to x, and noting that

d2 w/dx2 = -MX/EI results in

dZM
X

= -q, - X% -
2 "EIMx T 94 "7 (A " 9y) - (13)

The general solution of Equation 13 is

M_ = C'1 sin (Ji) + C, cos (?) - jzl:qA +’3;- (qB - qA)] , (14)

where

.2 _ EI

=T (15)
With the boundary conditions M __ 0= Mx =g = 0,the constants of

integration C1 and C2 are determined:

4
_'qu-chosA(-.— .
sin

J

Hence, Equation 14 becomes

- 2
= ;2 dp ~ 9 °°° <J) sin (5 + 2 cos (-’E) - ;2 +§( - )
J sin(a&) J) J Qp j J |95 IqB qA'
J

(16)
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jo

Substituting Equations 11 and 16 into Equation 12 and solving the re-

sulting equation for the deflection w yields,

) 4
gt li)in(y) faner (1)

sin (—‘J?-) J— I
it 2 % qu(z 2 (qg - qA)JlZ x\>
[L (ag - aa) *+ 5T, 294 ~9x)|(F) * ~2(7) +_€f——(g_) “T9a

(17)

Substituting numerical values into Equation 17 and simplifying results
in |

w = 14.726 sin(Z. 7205 %) +2.2286 cos(Z. 7205 ?) -12. 170(%) +

2 3
8.2462(-}5) + 2.1672(%) - 2.2286

(18)

Values of w (inches) are given in Table V for several values of the
ratio x/f. The maximum transverse deflection of the boom is about

9.0 in. (small).

Depiloymeui

Deployment in this item is limited to the transient phase from sepa-
ration of the canister until inflation of the satellite is started. The
inflation phase has been demonstrated by deployment on a water sur-
face and in a vacuum chamber. These tests show that this phase of
the deployment proceeds in an orderly fashion and that no structural

damage to the satellite is to be anticipated.

The effect of trapped air on the structure merits some attention. The
trapped air will expand when the satellite is deployed and consequently

will do work on the surrounding structure. The amount of work done

- -117-
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is given by the following equation, which conservatively assumes that

the pressure-volume product of the trapped air remains constant

Vo Vf
W = p V¢ 3 log, v » (19)
o
| where

W = work done,

Py = initial pressure,

Vo = initial volume of trapped air,
l
5 Vf = final volume.
|

If P, and VO/Vf are constant then the effect of size is that the work

that will be done is proportional to the final volume.

This work must be absorbed by work required to unfold the packaged
material and by strain energy in the material after it unfolds. If the
material of satellites or components compared is the same, then the
effect of the size is that the energy absorption capacity is proportional

to the surface area.

Since the energy absorbed by the satellite shell must be equal to the
work done on it. the important size parameter is the ratio of volume

to area.
Designating the size parameter as h, then

= _ final volume
surface area ’

For comparison it is interesting to note that for a sphere

4 3
h = —é—an =R -2y
41R 3

for Echo I
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-120-

= 100
h = —=

16. 7 ft ,

1]

and for Echo II

= _ 135
h = =

22.5 ft .

The lenticular satellite consists of three inflatable portions, torus,
lens, and tripod. These are interconnected by small passageways

and consequently the three portions can be considered independent

of one another for the short times involved during deployment.

For the torus.

41,720

h = 5130z

1.96 ft .

This value is véry small compared to that of Echo I and it can be con-

cluded that trapped air will not be a problem,
For the lens,

3,070,000

hos 2
1y, 114

23.7 ft .

This is slightly greater than the value for Echo II and indicates that
the lens might present a problem. However, the packaging arrange-
ment is such that the lens cannot develop directly into its final shape
and the effective h therefore is probably much less than the above
value. This is to some extent borne out by the deployment of the 20-

ft model in a vacuum chamber.

The tripods are simply cylinders and
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ol
1

| Hence.the effect of the trapped air on the tripod itself is negligible.

; Another problem, however, is the outward velocity that might be
imparted to the canister halves and other masses attached to the tri-
pods by the elements expanding between them. For the upper part of

the satellite the pertinent parameters are:

151

32.2

4.69 slugs

Length of tripod = 328.5 {t
Diameter of tripod = 0.25 {t

The final volume Vf of the three legs of the tripod

v o 3X 7(0.25)% x 328.5
£ 3

48, 3 cu 1t .

If it is assumed that the initial pressure

P 1 mm Hg

(o]

1]

2.8 psf

and that the final-to-initial volume ratio is

v - 1000,

then the total work done could be
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w_2.8><48.3><6.908 v N

h 1000

= 0.92 ft1lb .

Assuming all of this work is converted into kinetic energy of the at-

tached mass, the velocity is given by
1/
v = | ——

m

) (zx 0.92)1/2
- (2902

= 0.626 fps . (20)

The total time for the mass to reach its full travel (fully extended

booms) would be

300
0.626

Time

480 sec .

; Inflation of the system will be initiated shortly after separation (15
| sec) and the tripod booms will be at least partially inflated as col-
| umns before their elasticity can start the mass on its return trip
tocward the center of the satellite. Even partially inflated tripods

| should be capable of arrestingthe return velocity of the mass.

I

Launch

| No analysis is shown for the launch conditions. This phase of the
operation cannot be treated until the detail design stage of the pro-
gram. Past experience indicates that proper support can be pro-
vided for critical elements to meet the accelerations, vibration,

and shock loads that will be encountered during boost.

g. Pressurization Study

(1) Introduction
The objective of the pressurization study was to size tentatively
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i ' the flow control orifices and to predict the pressure-time rela-
tionships for the full-scale lenticular satellite. The concepts
- ' and methods of analysis described in Appendixes B and C were

used in this analysis.
{ , (2) Assumed Systém Parameters

The full-scale satellite is shown in Figure 9. The lens has a

volume of approximately 3, 100, 000 cu ft and a surface area of

129, 000 sq ft, while the torus has a total volume of 41, 700 cu ft

- L and a surface area of 21, 300 sq ft. Torus bulkheads are located
at 45, 90, 120, and 180 deg from the gas inlet port, clockwise

around the torus.

The pressurizing or inflating gas was assumed to be helium

- stored at 3000 psi. This gas will pass through a pressure regu-
lator set for 5 psia and then through individual flow-limiting
orifices before entering the lens and torus. On-off valves and
pressure sensors will prevent the pressures from exceeding de-

sign values, or will maintain these pressures as required.

The first chamber of the torus will be pressurized to the design

value of 0. 1678 psia in approximately 80 sec and maintained at

this pressure. A total of five minutes has been allotted for pres-
surization of the torus chambers, tollowed by five minutes for
pressurization of the lens to the design pressure of 0. 000316
psia. After lens inflation the design pressures will then be main-
tained for an additional period of two and four minutes for the
lens and torus, respectively, followed by shut-off of the pressuri-

zation system with pressure decay resulting.
(3) Analysis

The lens and torus must be perforated with exhaust holes to per-
mit depressurization. These holes are presumed to be 0. 020-in.

diameter, and the torus is assumed to have one hole in each
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square foot of surface area. Rigidity considerations indicate
that the lens should depressurize at least as rapidly as the torus,
and on this basis the number of exhaust holes per unit area can

be computed for the lens.

Appendix B presents the flow equations for the exhaust holes.

For free molecular flow in terms of upstream pressure:

V;XT _ 135.7 21)
vk
or, for helium:
WVT _
-5 = 6.905. (22)

For choked continuum flow in terms of upstream pressure:

WAT _ K/ 2 VK+1
PA 340'3CD\/R'(K+ 1) B (23)

or, for helium with a coefficient of discharge of 0.9:

%g = 11.302 . (24)

Appendix B also indicates the transitional pressure as being in
the order of 0. 0063 psia. For pressuses ncar design values,
the flow from the torus will primarily be continuum and from

the lens free molecular.

The depressurization equation was also derived in Appendix B

and can be expressed:

RVT A[WAT
_ JTATX 50 v( DA )‘9 - 8- (25)

P
-
o
The depressurization rate is therefore a function of (A/V) X
(WYT/PA). For the lens to have the same depressurization
rate as the torus:
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9

L lens

] e

torus

Utilizing Equations 22, 24, and 26, it was computed that the lens
- should have 20.1 exhaust holes per square foot of surface area.

The lens was presumed to have 22 exhaust holes per square foot.

Appendix C presents the method for sizing torus bulkhead ori-

!

|

] fices. Several constants in the analysis were changed because
- the gas is helium rather than air; the helium values are 11. 302
? in Equation C-7, 14.69 in Equation C-8, 0.4083 for the pressure
. ratio determining applicability of Equations C-7 and C-8, and

| ' 0. 04470 for Equations C-9 and C-12. Only the analysis in the
vacuum condition was used. A supply flow rate of 3.1 1b/min
and bulkhead flow control orifice sizes of 4.5-, 3.375-, and
2.25-in. diameters respectively, seemed to meet the specified
conditions. The resultant pressure-time curves are given in
Figure 58. The quantity of helium required for the 14 min of
torus pressurization is 11.92 lb. The stabilized pressure val-
ues, dP/de = 0, are 0.1678, 0.1655, 0.1624, and 0. 1555 psia,

respectively, which is a variation of 7.4 percent.

Appendix B presents the meihud ior dctcrmining the lens flow

rates and pressure-time curves. The pressurization equation
can be expressed as: '
A

VET -0.015707YRT 6

P = 0.007369 —%-T-WO 1-e Vo, en

which reduces to

-0. 0020426

P = 0. 003736W0(1 -e ) . (28)

For the specified time of five minutes and design pressure of
0. 000316 psia, Equation 28 yields a mass flow rate (Wo) of
0.1846 1b/min. Figure 59 presents a plot of Equation 28.
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Figure 58 - Torus Pressures versus Time (Full-Scale Model)
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(4)

To maintain the design pressure, the supplied mass flow rate
must equal the mass flow rate through the exhaust holes. Equa-
tion 22 yields this mass flow rate as 0.08458 1b/min. The
quantity of helium required for the seven minutes of lens pres-

surization is 1. 09 1lb.

The depressurization equation has previously been expressed as
Equation 25, and is applicable for the lens and torus. Figure

60 presents Equation 25 in graphical form for the lens and torus.

The total quantity of helium required is the sum of the 11.92 1b
for the torus and 1. 09 1b for the lens, or 13. 01 1b. When stored
at 3000 psi the required volume is 6. 16 cu ft.

The supply orifice sizes can be computed from Equation 24,using
the upstream pressure of 5 psia and the computed supply flow
rates. The computed orifice sizes are 1.267- and 0. 309-in. di-
ameters for the torus and lens,respectively. The supply lines
upstream of the orifices should be at least twice the orifice di-
ameters or 2.75- and 0. 75-in. diameters for the torus and lens,

respectively.
Summary

For ihe fuli-scalc satellite the helinm storage volume should ex-
ceed 6. 16 cu ft at 3000 psia. The supply orifices should be
1.267- and 0. 309-in. diameters for the torus and lens,respec-
tively. Bulkhead orifices for the torus should be 4.5-, 3. 375-,
and 2.25-in. diameters in order from the inlet port. If 0.020-
in. diameter exhaust holes are used, the torus should have one

and the lens 22 holes per square foot of surface area.

The predicted pressure-time curves are given in Figures 58,
59, and 60.
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(5) List of Symbols

A

orifice area

Cp = coefficient of discharge

K = ratio of specific heats
P = total pressure in torus chamber, lens,
or ducts
PD = design pressure in torus or lens
Po = initial total pressure
R = gas constant
T = total temperature
V = volume of gas in torus chambers or lens
W = mass flow rate
W, = initial mass flow rate
6 = time
90 = initial time

h. Temperature Distribution Studies

71\ Tom bea :
\1; Iatrgcduction

The objective of the temperature distribution study was to pre-
dict lenticular satellite temperatures. These temperatures were
used in material evaluations and confirm that orbital tempera-
tures are adequate to cause photolyzation of the lens and possibly
of the torus. Measured values of the photolyzable film thermal

properties were used in this analysis.

After this study was completed the radius of the torus was de-
creased. This will reduce the radiation view factor from the

lens to the torus and slightly increase the view factor from the
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(2)

(3)

torus to the lens. The predicted temperatures for the new ge-
ometry would be slightly lower for the lens and slightly higher
for the torus. These temperature changes are of negligible
magnitude and the temperature distribution shown herein for
the large torus radius can be considered applicable to the final

configuration with the small torus radius.
Assumed System Parameters

The satellite analyzed was the full-scale model shown in Figure
9, and was presumed to be in a low earth orbit (altitude approxi-
mately 250 mi) that passes through or near the earth-sun line.
The lens and torus were assumed to be constructed of 0. 7-mil
(nominal) thick gridded film which is photolyzable on the lens
and might be phofolyzable on the torus. The apparent thermal
properties of the film are given in Table VI for various dye con-
centrations. These properties are presumed independent of in-
cidence angle. The satellite also was presumed to be gravity

stabilized with respect to the earth.

The analysis considered the effects of film thickness, orbital

altitude, and orbital position on the temperatures.
Analysis

Thermal radiation is the only significant means of heat transfer
within and to the satellite. External radiation inputs are direct
solar radiation, albedo (earth-reflected solar radiation), and

earth radiation.

The satellite was divided into 18,nodes as shown in Figure 61.
The 10 lens nodes are circular strips of equal area. Since each
half of the lens has a spherical radius of 42 deg, the node bounda-
ries are 0 deg, 18 deg 27 min, 26 deg 12 min, 32 deg 14 min,

37 deg 23 min, and 42 deg. The eight torus nodes are also cir-

cular strips of equal area. Since each half of the torus has a
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TABLE VI - THERMAL PROPERTIES OF FILM*
Dye concentration
Temperature of (parts dye per
emitting body 100 parts resin
Property (F) by weight) Value
Solar transmittance ~ 10, 000 0 0.78
2 0. 26
3 0.22
5 0.18
Solar absorptance ~ 10, 000 0] 0.19
2 0.72
3 0.76
5 0.80
Solar reflectance ~ 10, 000 0 0.03
2 0.02
3 0.02
5 0.02
Infrared transmittance -64 Any 0.64
8 Any 0.61
80 Any 0.57
152 Any 0.55
224 Any 0.53
296 Any 0.53
Tnfrared absorptance -64 Any 0.34
{emittance) 8 Any 0.37
80 Any 0.41
152 Any 0.43
224 Any 0. 45
296 Any 0. 45
Infrared reflectancw -64 Any 0.02
8 Any 0.02
80 Any 0.02
152 Any 0. 02
224 Any 0.02
296 Any 0.02

-132-
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Figure 61 - Thermal Schematic of Lenticular Satellite
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circular radius of 180 deg, the node boundaries are 0 deg, 48
deg 6 min, 94 deg 9 min, 137 deg 48 min, and 180 deg. This
system of nodes presumes no temperature variation around the
nodes, as is the case when the satellite is on the earth-sun line
or in the earth's umbra. The above two .orbital positions yield
the highest and lowest satellite temperatures. To evaluate tem-
perature distributions radially around the nodes, each of the 18
nodes would have to be divided into several nodes, thereby in-

creasing the complexity of the analysis.

Thermal radiation heat or energy balances on each node are
complicated by the transparency of the lens and torus. Each
node views its surroundings (sun, earth, other nodes, and it-
self) through a series of overlays of transparent material. For
example, the external surface of node 15 views the earth di-
rectly, while the internal surface views the earth through the
torus film only and also through the torus film and two lens
films. The most extreme case of overlays is four, with the
internal surface of node 15 viewing itself through two lens films

and two torus films.

Radiation view factors from the external and internal surfaces

of each node to ail 13 ncdcc, the earth. and the sun for each film
overlay condition are fixed by the specified satellite geometry
and orbital position. These view factors were computed by using
standard equations and a unit hemisphere as described in pages
395 through 402 of Reference 8. ' '

Incident radiation on each node consists of emitted radiation
from all 18 nodes as well as solar, albedo, and earth radiation
that might pass through intermediate layers of film. These
radiation terms might come directly from the source to the re-
ceiving node, or might be reflected from one or more interme-

diate nodes. Because the reflectances are in the order of 0. 02,
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reflections are relatively unimportant. To simplify the analysis
| by eliminating reflections, effective film transmittances and ab-
- sorptances were used, and are defined as follows. For spectral
properties of a transparent film:

1;\A+aAA+r,\A= 1 (29)

- The effective transmittance is:

5
) = (30)
1 - r)
The effective absorptance is:
A
ap
@y = ——x (31)
1 - I.'A
. Then:
Tt =
Bt apy = 1 (32)
An energy balance on each node (n) is then:
m = 18 J =4
A 4 S A 4 Y‘ [ E m
£ =
2'n GTn v, au, n‘.em aTm o« X LF.T (n. m)z; -J *
m = 1 J =0
I =3 '
I m E B I B )
Fin, mb% -3 ]*"‘n, BB E , [FJ m B % -7 *Fim B) o-J]+
| J=0 |
J =3
E S I S
a, R Fim B) -3 "Frn, B) G- 7
J =0
’ J =1
E S I S
a,, s E :[FJ(n,S)'z;-J +FJ(n,S)":-J] : (33)
J =0
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where
O_Jm='tomxi‘1mx’t2m...ZJm (34)
Z"O_JB='Z;B><Z;B...Z:IB (35)
'l;_f:'l‘osxrls...?js (36)
The subscripts 1, 2, . . ‘. J in the above equations are defined

as the respective film layers through which the radiation passes.

The subscript o refers to zero layers, so that:

m _ B
To - ’t(’)
_ S
T o
= 1. (37)

It is noted that the spectral properties of thermal radiation are

altered somewhat when passing through one or more transparent

films, due to the variation of spectral transmittance with wave-

length. This effect is neglected in this analysis for simplicity.

The radiation constants (B and Q) in Equation 33 are the values ‘ -
at the apparent surface ot the earili, while the solar constant (C)

is the value at one astronomical unit from the sun. Because the

solar constant is defined in this manner, the radiation view fac-

tor to the sun must be defined as:

E 1
Fin, s) = ¥im, s)

np
= 5. (38)

n

By specifying the film properties and orbital position, Equation

33 yields a set of 18 linear equations involving the 18 values of
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4 . : .
Tn as the 18 unknown parameters. Simultaneous solution of

these equations will produce the node temperatures.

Table VII presents 8 solutions of Equation 33, These solutions
are for the lens film containing zero, 2, 3, and 5 parts dye per
100 parts resin by weight with the torus film being either clear
(0 parts dye) or the same as the lens film. Two orbital positions
were considered, the earth-sun line, and the earth's umbra with
an altitude of approximately 250 mi. Dye concentrations of 2,

3, or 5 parts are sufficient to raise the temperatures of lens
nodes 6 to 10 above the approximately 225 F required for photo-
lyzation, while the clear film (zero parts dye) is obviously in-
adequate. The torus is noted to be cooler than the lens, with
only one or two nodes exceeding 225 F with dye concentrations

of 2, 3, or 5 parts.

Although Table VII indicates that lens nodes 6 to 10 will photo-
lyze with dye concentrations of 2, 3, or 5 parts, it must still be
established that lens nodes 1 to 5 will also photolyze. This is
accomplished by taking the case wherein the lens dye concentra-
tion is 2 parts with a clear torus, and presuming that certain
nodes have been photolyzed, i.e., their transmittances approach
uniiy. DEguaticn 33is again valid, and Table VIII presents the re-

sults of this investigation.

As a first step the two hottest nodes, 9 and 10, are presumed
photolyzed. As shown, the effect on nodes 6, 7, and 8 is negli-
gible; nodes 3, 4, and 5 are cooler; while node's 1 a.nd 2 receive
direct solar heating and attain high temperatures. The order of
photolyzation might conceivably be one of two orders, depending
uponb photdlyzation rate with temperature. The first possibility
is, in order, nodes 10, 9, 8, 7, 6, 1, 2, 3, 4, and 5; while the
second possibility is nodes 10, 1, 9, 2, 8, 3, 7, 4, 6, and 5.
If nodes 1 and 10 are photolyzed, the effect on nodes 6 to 9 is

-137-



GER-11502

spmiye TW-0gZ ‘BIquIn = 2
m apnjuyTe TW-0g2 ‘dUI[ uUns-yyIed = |
suonsod 1e31QI0
i 3

8E1- SE1- | 6€1- €€1- | €11-| 16~ | L8~ 901~ 801~ - j vitl- 911~ | 211~ | 98- | ¥8- | 28~ | 9L~ | 2L~ 2 Aue Aue
W 89 8L 69 €2 €2 (43 28 6L 6L2 1Le 29¢ F1Y4 252 261 | €61 | 861 | 902 | 212 I 0 S
" 6s1 o¥e k434 1§41 68 6F1 | LS1 sl €8¢ 1L2 €92 9s¢ 86¢ 861 | €1 | 002 | L02Z | €12 1 S S
, L9 L 89 €2 €2 L 28 LL 2Lz ¥92 §6¢ 8¥2 9% 261 | 2€1 | 861 | 902 | 212 1 0 t
sst €€ 522 Ssel 68 IsU | 651 921 €L2 s9¢ 962 (3 &4 252 861 | G¢1 | 661 | 202 | €12 1 € €
99 LL 89 22 22 2L 18 9L 992 852 0s¢ €¥2 %2 161 26l 861 902 | 212 1 1] k4
1s1 L22 612 el 68 2st | 091 | 921 L92 662 152 {444 1A 44 861 | vt | 661 | LOZ | €12 1 . 2 2
” 62 89 19 9 9 €9 1L LE 901 0ot ¥6 06 $6 26 | 84 16 | 86 | ¥O1 1 0 0
81 Lt 91 sl ¥l el 21 1t 01 6 . L 9 S 4 € (4 1 »:oﬁwn& snio] suay
(Jd) 19qunu apou 3e danjexadwa ] : 1231910 (yBram £q
ursaz siaed Q01
32d 24p sized)
uonjeIjuadU0d kg

SHINILVITZIWAL ALITIALVS - TIA ITdV.L

-138-

Subsection Two - System Analysis

SECTION III




SECTION III ’
Subsection Two - System Analysis GER-11502

TABLE VIII - PARTIALLY PHOTOLYZED LENS TEMPERATURES*

Temperature of node number (F)

Nodes photolyzed 1 2 3 4 5 6 7 8 9 10
None 212 | 206|198 [ 192 | 191 | 241 | 243 | 250 | 258 | 266
9, 10 294 | 287 | 178 | 179 | 183 | 241 245 254 ..
1, 10 .. .| 192187184186 | 239 | 242 | 250 | 259
6, 7, 8, 9, 10 282 | 273 | 262 | 254 | 247

% . )
Orbital position = earth-sun line, 250-mi altitude.

Dye concentration of lens = 2 parts dye per 100 parts resin by weight.

Dye concentration of torus = 0 parts dye per 100 parts resin by weight.

Thickness of films = 0.7 mils (nominal).

again negligible, while nodes 2 to 5 are cooler. It is therefore
obvious that nodes 6 to 10 will photolyze no matter what order

of photolyzation occurs. With nodes 6 to 10 photolyzed, nodes
1 to 5 all exceed 225 F, and will also photolyze. Higher dye

concentrations will, of course, accelerate the process.

Another question of interest is the effect of film thickness on
temperature. In order to evaluate this effect the properties of
the 2 parts dye film will be estimated ios a thickness of 0.5 mils
(nominal) and compared to the values for a thickness of 0.7 mils
(nominal). With an 0. 7-mil thickness the values of emittance
and solar absorptance are 0.45 and 0. 72 respectively, with ap-
parent reflectances of 0. 02. The values of emittance and solar

absorptance probably vary exponentially with thickness, so that:

€A ~ -Dlt
—--—K1 = 1-e (39)
-r
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A
ag ~ -th
——T =1-e (40)
l-r
where D1 and D2 are constants. Using the 0. 7-mil values, D1
‘ and D2 are found to be 0. 877 and 1. 894 respectively. Neglect-

ing any variation of reflectance with thickness, the emittance
and solar absorptance with an 0. 5-mil thickness are 0. 35 and
0.61 respectively. The ratio of solar absorptance to emittance
for the 0.7- and 0. 5-mil films is 1. 60 and 1. 74,respectively,
which indicates that the thinner film will have a higher tempera-
ture. For a double-wall transparent object the following ratio
aSA(Z - asA)/£A(2 - SA) is probably more indicative of tempera-
tures than the aSA/EA ratio; the same conclusion is attained by

use of this ratio.

The above discussion on film thickness is also applicable during
the photolyzation process. The film being photolyzed is expected
to decrease in thickness until it disappears completely because
the resin will photolyze more rapidly than the dye and the dye
concentration increase during photolyzation. Both of these ef-

fects tend to increase film temperatures.

Orbital altitudes greater than 250 mi and positions other than on
the earth-sun line will decrease temperatures {yoini the listed
values. Although no formal computations have been made on
these variations, it is estimated that increasing the altitude to
2000 mi will decrease temperatures by approximately 40 F, and
moving 30 deg from the earth-sun line will decrease tempera-

tures by approximately 15 F.

Another computation of interest is the thermal response time of
the film. For thermal radiation the thermal response time is a
variable dependent upon initial and final temperatures. As an

estimate consider a single sheet of 0. 7-mil (nominal) film of
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unit area initially at -100 F (360 R) seeking an equilibrium tem-

perature of 225 F (685 R). The energy balance equation can be

written:
A 4 4, aT |
Integrating:
1 B-T— [1 é’ﬁg A 3
-1 T - 85 _ -1 360 - 8 8& o(685)" 0
2 tan Z8% - 1n —.I.—1+ = 2 tan Z8E -ln1+ 350 + \'d'e
685 685 P

(42)

The emittance (eA) is 0.41 and WCp is estimated as 0. 0031
Btu/sq ft/R. Taking the temperature as 105 F (565 R), which
means the temperature has risen (1 - 1/¢£) of the maximum, the

time is found to be approximately 9 sec.
(4) Conclusions

By the addition of small amounts of dye to the photolyzable film
the lens and torus temperatures can be raised to the levels re-
quired for photolyzation. The precise amount of dye required
cannot be established at this time. Additional data regarding
therimal propertics and photalyzation rates together with sys-
tem requirements such as orbital altitude and inclination and
time required for the inflation-deflation sequence must be de-

fined in Qrder to do this,
(5) List of Symbols

A
n

area of node n (one side)

n projected area of node n with respect '
P to sun

earth radiation constant (66. 36)

w
n

Q
"

solar constant (442. 4)
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' C_ = specific heat of gridded film

P
D = constant
F = radiation view factor from external sur-
face
FI = radiation view factor from internal sur-
face

J = number of intermediate films
n = node number

Q = albedo constant (176.96 on earth-sun

line)

A
r = apparent reflectance
T = temperature

W = mass of gridded film
a = effective absorptance
A
a = apparent absorptance
A .
&€ = apparent emittance

6 = time

o' = Stefan-Boltzmann constant (0. 1714 X

1078

T = effective transmittance

'Z‘A = apparent transmittance

'z-B = effective transmittance to radiation
from earth v

?_m = effective transmittance to radiation

from node m
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S
2.

H

effective transmittance to radiation
from sun

Subscripts
J = number of intermediate films
m = node number
n = node number
n, B = node n to earth
n, m = node n to node m

n, S node n to sun

S = solar
A= spectral

i. Error Analysis

(1) General

The equations required for the error analyses were developed
in Reference 3, and are included herein in Appendix D. The

basic equation is:

3 )
o=p + _P| (AS) +—ﬁ| (AD) (43)
B 1 3DI_

For this case the included half angle is 42 deg and from Figure

D-3 of Appendix D the values of the coefficient are:

dp

— = -3

as

3p
— = 4
aD
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(2)

(3)

-144-

The basic equation for the full-scale satellite becomes:

o = o, - 3(AS) + 4(AD) (44)
Under ideal conditions the radius of curvature of the lens would
be Po Variations in arc length, AS, and chord, AD, from the

ideal values So and Do will arise from several sources. These

will be discussed below.
Manufacturing Tolerances

It is planned to determine the diameter of the torus by measure-
ment before the lens is assembled to it. This will make AD es-
sentially zero. A tolerance of two inches is estimated to be

reasonable for the arc length.

Therefore:

AS

2
12

0.167 ft

and the error in radius of curvature
Ap =P -0,

-3(0. 167)

+0. 50 £t .
In-plane Rim Deflection

The maximum rim in-plane deflections were obtained in Item c.

Combining the two cases gives:

2(0.226 + 0. 094)
12

AD =

0. 057 ft
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bLp = 4 X 0.057

n

0.228 ft .

(4) Torus Pressure

The nominal design pressure of the torus is 0. 1678 psi (Item b)
and the cross-sectional area is 6940 sq in. The total torus load
is 6940 X 0.1678 = 1165 1b. Assuming that the pressure can
be controlled to £10 percent the variation in load would be
+116.5 1b.

It was conservatively assumed that the load variation is carried
entirely by the rim which has a cross-sectional area of 0. 03351

sq in. The change in diameter is:

AD - 116.5 X 267 .
0.03351 X 18 X 10
= 0.051 ft
Ao = *0.204 ft .

(5) Lens Pressure

The nominal lens pressure is 0. 000316 psi,based on a wire stress
of 23,000 psi (Item a). The load-strain curve for the lens ma-
terial is not known but should be similar in furin to the 5trcso-
strain curve shown on page 29 of Reference 10. Based on this
assumption, the effect of a £10-percent pressure variation on

the lens radius of curvature will be as listed in Table IX.
(6) Temperature

The lens material is a composite with load-strain characteristics
that are affected by temperature. The stress-strain curve of the
copper wire is little affected in the temperature range of interest,
but the photolyzable film is very sensitive. This is apparent

from the stress-strain curves for photolyzable film at 74, 85
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TABLE IX - EFFECT OF TORUS PRESSURE VARIATION ON LENS

i . RADIUS OF CURVATURE FOR FULL-SCALE SATELLITE

Pressure
Lens .3 | Wire stress Elo.ngation,é'H A LS JaY)
Torus (psi X 1077) (psi) (in. /in.) (in. /in.) | (ft) (ft)
-10 percent 0.284 - 20,700 0.0018 -0. 0005 ([-0.147|+0.44
Nominal 0.316 123,000 0.0023
+10 percent 0. 348 25,300 0. 0035 0.0012 |0.352|-1.06

(7) Summary
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1.

and 100 F shown on page 72 of Reference 9.

characteristics of the composite material,

study given in Item h'it can be concluded that:

In the sun, both sides of the lens will

behave the sainc and depend only on the

wire properties.

Therefore,the error

computed above due to lens pressure is

directly applicable.

If the inflation is done in the dark the

temperature will be about -100 F and

the film properties must be taken into

account.

The computed errors are listed in Table X,

At 100 F the stress
is less than 10 psi for strains less than 0. 01 and the effect of

the film on the characteristics of the composite material can be
neglected for all temperatures above 100 F, No data are avail-
able on the cold temperature characteristic of photolyzable film

but it is evident that it will significantly affect the load strain

From the above considerations plusthe temperature distribution
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I

TABLE X - LENS RADIUS OF CURVATURE

ERRORS FOR FULL-SCALE SATELLITE

Dp  (ft)
Source of error Positive Negative
Manufacturing tolerances| 0.50 0.50
Rim deflections 0.23 0.23
Torus pressure 0.20 0.20
Lens pressure 0. 44 1. 06

Rim deflection and torus pressure contribute only small varia-
tions in the radius of curvature. Manufacturing tolerances and
lens pressure will cause the larger sources of error and should
be given careful attention in the future. The total errors, assum-
ing that all signs are the same, are +1.37 ft and -1.99 ft. This
indicates that it is feasible to obtain the tolerance of +2 ft speci-

fied for the over-all radius of curvature of the lens.

The above calculations assume that the seams have the same
load-strain characteristics as the basic material. If this is not
so, then the problem is primarily one of meeting the local ra-
dius of curvature requirements. Aticmptc tc match the seams
and the basic material appear promising(Reference 9, Figure
39). From this figure it is evident that the 1. 5-mil videne and

the 1.0-mil slotted Mylar show the most promise.

Weights and Inertias

The weights and inertias of the principal elements of the full-scale

satellite (see Figure 62), computed in accordance with the formulas

shown in Appendix E, are listed in Table XI.

-147-



SECTION III

Subsection Two - System Analysis GER-11502
M = 100LB
2
M, =siLB
1
-
3
; =1 W 90.0FT
° ~2p(1-cosa) = 25.69 FT g *
z z0
h = 8.0 IN. 4 J00-0F7
p
b = 2.144 IN. 3
t =o0. . F
0.002 IN . <
|x = 0.17835 IN. g 190.53 FT
I, = 0.01488 NG Y Axis 6 M = 285L8B
X ’ n
—| b/2 . L_ v
J = 0.03510 X
T R <

QUARTER RIM ACTUAL AREA = 0.03351 SQ IN.
CROSS-SECTION

ENCLOSED AREA = 8.5744 SQ IN.

Figure 62 - Principal Elements of Full-Scale Satellite

3. FIFTY-FOOT-DIAMETER FLIGHT TEST MODEL

a.

-148-

Lens

(1) Inflation Pressure

The lens material of the 50-ft flight test model will be 1. 2-mil
copper wires spaced 21 per inch bonded on U. b-mil photolyzabie

film.

Yield stress &Y

217(0. 0012)%(23, 000)

0. 5463 1b/in. (45)
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TABLE XI - WEIGHTS AND INERTIAS OF FULL-SCALE SATELLITE

Satellite component

Materials Lens Mass
and (spherical
properties zone) Torus Rim MI Mu Muz

Material 1-mil copper wire at | 1-mil photolyzable 0.002-in,

21 per inch. "0.5-mil | film beryllium-

photolyzable film copper alloy
Young's modulus, E. | Only copper 10 - 16 X| 0.444 X 106 psi 18 X 106 psi

10”7 psi
Poisson's ratio, p 0.4 1/3
Surface area (sq ft) One cap 64, 556 21,302 Actual foil

area -
1174.1

Enclosed volume Between two spheri- 41,720
(cu ft) cal zones and rim

3,070, 000
Weight per sq in. of 0. 0000297 0.0000380 0. 000594
surface when photo-
lyzable film is ON
(1b)
Weight per sq in. of 0. 0000107 0 0.000594
surface when photo-
lyzable film is OFF
{ib)
Total weight (lb),= Two caps

ON - 552.2 ON - 116.6 100. 4 285 511|100

OFF - 199.0 OFF - 0
Weight of helium (1b) | 0.74 5.30

*

Polar moment of in- | ON - 5,187, 496 ON - 2,214,352 1,798,696 0 0 0
ertial _ , (b ftsad) | Gep _ 1,868,896 OFF - 0
Moment of inertiat ON - 3,089,019 ON - 1,108,070 899, 348 10, 345,979 | 4,590, 000
L _xorl_ b OFF - 1,112,879 OFF - 0
ft sq) '

i

|

1

—
The designations ON or OFF in the table refer to the lens and torus

appearance,respectively.

1'Prim:i.pal Moments of Inertia of Satellite

1.  Without photolyzabie film

i
=
i

2. With photolyzable film ON

|
—
L

= 16,948,206 Ib it sq, I,

= 20,032, 416 1b ft sq, Iz

-z

-2z

: 1
3,667,592 1b ft sq; Iu

I
9,200, 544 1b ft sq; r"_’i

z -2

zZ -2

4.621

2.177

photolyzable film before and after its dis-
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_ 25
p = 200 X 133753
= 37.36 ft
= 448.32 in. (46)
2f
o, = Ly
X P
_ 2 X 0.5463
T 448,32
= 0.002437 psi . (47)
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(2) Buckling Pressure

&3
p., = 0.191E L
5p
6 (0.0012)°
= 0.191 X 10 X 10° % 5
(-2—1—) (448. 32)
-8 .
= 34.48 X 10 ~ psi (48)

This pressure is much higher than the solar radiation pressure

of 13.6 x 10710 psi (two orders of magnitude).

Torus

The torus material of the flight test model will be Mylar film. From
equations similar to 4 and 5 of the full-scale model, the ratio r/R

can be found,

H
o

R~ 4, 400t_- 3 (49)
For tt = 1 mil,
r _ 2
R~ 61.4
= 0.03257
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Then
r = 25 X 0.03257
= 0.814 ft
= 9.77 in.

o

The inflation pressure can be found from Equation 5, in which F,S =
1. 25 and the number 10, 000 should be replaced by 13, 000; hence

P%%?(zxome
= TS T X 203257

= 1.047 psi .
Rim

(1) General

For material, cross sections, dimensions, and other properties

see Item_j_.

As in the full-scale model critical conditions are (1) IV-AM-OFF
for in-plane deflection and (2) III-AM-ON for out-of-plane de-

flection.

Concentrated loads at the ends of the tripods and distributed loads

around the rim can, in general terms, be taken from Table IV,
In the present configuration

R

w = -2 /_s_
Po N FPo
where. RE = earth radius = 3437.7 naut mi, and o, = RE +
700 = 4137.7 naut mi. Then
_3437.7 32.2
= 4137. 7 4137.7T X 1.15 X 5280

0.9404 X 1o'3 sec‘l,
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w® = 0.88435 X 107 sec”?,
_ 56.5
Mp= 322
= 1.7547 slugs, and
H,? = 22.02 ft.

The above values are common for conditions III and IV.

For condition III (photolyzable film on)

A= -1 )y +1I
X -X Z - Z X - X
_ 1
=1-3733
= 0.7091
m_' = -;—(24.8+6.0+7.0) = 27(25 X 12)

0. 000623 slugs/in.

For condition IV (photolyzable film off)

/\:(I -1 )+I
X - X Z - Z X - X
]
= 1 - —mn
T, VLV
= 0.7835
m_' = é(lo..0+6.0+7.0) + 27(25 X 12)

0. 000379 slugs/in.

(2) Maximum In-Plane Deflection

The maximum in-plane deflection is derived in the same manner

as for the full-scale satellite [see Item 2, C, (2)].
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P = -.MyH;wZ (3 +4Xsin B )

= -1.7547 X 22.02 X 0.88435 X 10-6<3 +4 X 0,.7835 X %—)

= -0.156 X 10> 1b . (55)

2/ .2 .
- t P E e 1
Ay = Rmr w \1 - 4 Asin Bo) sin g

= 25 X 0.000379(0. 88435)10~° (1 - 4 X 0.7835 X %) sin g

= -4.75 X 10”7 sin 4 1b/in. (56)
Q1 = QZ
= Q3

o 3 25 25
= -3(0.156)10 (.22.02+ 42.03)

\

= -0.0900 X 10'3 b .

Maximum deflection at point 1 (see Figure 55) due to the concen-
trated loads Q:

2P R/,
Wq = 0.0079 —pr— k—H—fL T
Z u
-3 4
_ 2\ 2(0.156)107°(25 X 12)° (1 1 1
= 0.0079 X {3 5 \1z)\zz. 0z * 32,03
°/3 % 18 X 10° X 0.0007776 ¥ :
= 0.00183 in. (very small), (57)

Maximum deflection at point § = 90 deg due to distributed load

grx
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4

q R
_ 90 de

V4

4.75x (25 x 12)* x 1077

6 X 18 X 106 X 0.0007776

0. 00046 in. (very small) (58)

(3) Maximum QOut-of-Plane Deflection [See Item 2 ¢ (3)]

2 .
P = zrvfeHRw (1 - A) sin 28
= 2 X 1.7547 X 22.02 X 0.88450 X 10-6(0.2909)
-3
= 0.0199 X 10 " 1b . (59)
2 . .
q., = 2Rm_'w”(1 +A) sin 28 sin g

2(25)(0. 000379)(0. 88435)10"°(1. 7091) sin 4

9

= 28.64 X 10"’ sin g (60)
Fip=-F,
P
= Xlcota +cota)
viooov o
0.0199 (22. 0225+042.o3> % 10-3-
A3 '
' -3
= 0.02944 X 10 " 1b . (61)

The deflection at five places is given by equation
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- 0 ] 0 " 60 deg |
F1R3 0.5823 FlR3 0.7891 C 90 deg
= -Erx—o.9872 + —=y—|1. 0061 [at G= 120 deg
0.6396 0. 6859 150 deg
| 0 T 180 deg

Substituting numerical values in the above equation (F1R3/EIx =
0. 0047 and F1R3/GJ = 0.0636) yields

0
0. 0529
0. 0686
0. 0466

| O

inches at d=

90 deg
120 deg
150 deg
180 deg

[ 60 deg |

,respectively,

from which the maximum out-of-plane deflection is about

Sel

I

Tripod

0. 070 inches (very small).

As in the full-scale model analysis (Item 2, d) the maximum com-

pressive load is given by equation

for a =

Hence,

a
u

sin
au

cos
au

I

tan"1
0.51120;
0.85946;

0.7091

25,
42.

0
03

2.1

90 deg and with the photolyzable film on.

)\\M]
"' sin CluJ ’

= 30 deg 45 min;
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-
I

= -1.7547(22.02)(0.88435)10'621/3(0-2909)"'—_‘0 51130

-0.0674 X 1072 11 ) (62)

Gravity-gradient and inertia distributed load for @ = 90 deg,
q =3 wzy cos"cll . (63)
n My, "u

Solar radiation pressure for specular reflection per unit length of

boom

12

'qs = 1815 X 10~ r, 1b/in. (64)

Total distributed load

12)

o 2 - .
q = 3m w"y cos q + 1815(10 T lb/in. , (65)

~ 24

where y is measured in feet along the radius of the rim (0 g y < R),
m, the mass per unit length {inch) o b '

f b,\,\w‘ e el

inches.

Assuming that the material for the booms is the same as that of the
full-scale satellite (see Item 2, d), and that r, = 1. 0 in. the mass,
mb, per unit length of boom can be found from the corresponding

value for the full-scale model by proportioning; thus

1.0 6

mb 15.025X-1TX 10

ne

10 x 107° slugs/in.
Then,

1

q = 3(10)(10'6)(0.88435)(10-6)(0. 85946)y + 1815(10" 12)(1. 0)

22.802y(10"12) + 1815(1071%) .
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a, = 1815 X 1071 Ib/in.
For y = 25 ft
Y570 x 10712 + 1815 x 10712

- 2385 X 10”2 1b/in.
If a factor 1.5 is used to convert limit to ultimate loads (see Figure
63), then

L = 0.0674 X 10'3 X 1.5

= 0.1011 X 10'3 1b

q, = 1815 x 1072 x 1.5
- 2.723 % 1077 1b/in.
qg = 2385 X 10712 x 1.5

3.578 X 10”7 1b/in.

1/2
Beam length A= (25.0° + 42. 03%)

48.9 ft

586. 8 in.

For the determination of the maximum deflection in the beam (stresses
are of no particular interest because they are negligibly small), the
same procedure - Equations 11 through 17 - applies here as in the

full-scale satellite.

The constant quantity j in this configuration is equal to

-157-
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Figure 63 - Tripod-Boom as a Beam-Column

: 6 3 1/2
[EI _ [0.762 X 10° X 7(1.0)7(0. 001)}
e 0.1011 X 1o'3

4866 .

Racauce the ratio f—'/_i equals 586.8/4866 = 0.1206, which is a num-
ber much less than 7, the axial compression, L, of the boom con-
tributes very little to the transverse deflection; hence,the maximum

transverse deflection can be approximately found from equation

4 .
_ 5 af (66)

W =384 Er
where q is taken equal to the average between d and - Substitut-
ing numerical values in the above equation yields w = 0. 002 in.,

which is negligibly small.

jo

Deployment

The effects of trapped air on the flight-test model can be evaluated
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by examining the volume-to-area ratios as was done for the full-

scale satellite in Item 2, e. The resulting values are

1. Torus - h = 338/830 = 0.41 ft

2. Lens -h = 20,256/4,505 = 4.5 ft

3. Tripod -h = 146 X 4) = 0.0416 ft
In each case the value of h for the flight-test model is less than the
corresponding value for the full-scale satellite. From this it is con-

cluded that the effects of trapped air will be less critical for the
flight-test model.

The effects.of themasses attached to the tripods were examined in
the same manner as for the full-scale satellite,using the following

parameters:

_22.5
m =333

0.698 slugs

Length of tripod = 48.8 ft
Diameter of tripod = 1/6 ft

2
3 x 1(L) x 48.8

_ \“ /
Vg = Z

3.19 cu ft .

With the same assumption in regard to initial pressure and the

ratio of final-to-initial volume the total work done is

2.8 X 3.19 X 6.908
1000

W =

1]

0.0617 ft 1b

The velocity becomes
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Launch v

_[2 X 0.0617 1/2
“\" 0.698

0. 42 fps

and the time to reach its full travel is

42
0. 42

time

100 sec .

This is approximately 1/5 the time required'for the full-scale satel-
lite and is therefore more critical. However, this is still plenty of
time for the tripods to be at least partially inflated and to be capable

of arresting the return velocity of the attached mass.

No analysis is shown for the launch conditions. This phase of the op-
eration cannot be treated until the detail design stage of the program.

Past experience indicates that proper support can be provided for

critical elements to meet the accelerations, vibration, and shock

loads that will be encountered during boost.

Pressurization Studies

(1) Introduction

The objective of the pressurization study was to size tentatively
the flow control orifices and to predict the pressure-time rela-
tionships for the flight-test model lenticular satellite. The con-

cepts and methods of analysis described in Appendixeé B and C

were used in this analysis.
(2) Assumed System Parameters

The flight-test satellite is shown in Figure 13. The lens has a
volume of 20, 300 cu ft and a surface area of 4,510 sq ft, while

the torus has a total volume of 338 cu ft and a surface area of
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830 sq ft. Torus bulkheads are located at 45, 90, 120, and 180

deg from the gas inlet port, clockwise around the torus.

The pressurizing or inflating gas was assumed to be helium
stored at 3000 psi. This gas will pass through a pressure regu-
lator set for 5 psia and then through individual flow-limiting ori-
fices before entering the lens and torus. On-off valves and
pressure sensors will prevent pressures from exceeding design

values, or will maintain these pressures as required.

The first chamber of the torus will be pressurized to the design
value of 1. 047 psia in approximately 32 sec, and maintained at
this pressure. A total of two minutes has been allotted for pres-
surization of the torus chambers, followed by two minutes for
pressurization of the lens to the design pressure of 0. 002437
psia. After lens inflation the design pressures will then be
maintained for an additional period of two and four minutes

for the lens and torus respectively, followed by shut-off of

the pressurization system with pressure decay resulting.
(3) Analysis

The lens and torus must be perforated with exhaust holes to per-
mit depressurization. These holes are presumed to be 0. 020 in.
in diameter, and the torus is assumed to have one hole in each
five square feet of surface area. Rigidity considerations indi-
cate that the lens should depressurize at least as rapidly as the
torus, and on this basis the number of exhaust holes per unit

area can be computed for the lens.
Appendix B presents the flow equations for the exhaust holes.
For free molecular flow in terms of upstream pressure:

WVT _ 135.7 (67)

PA VR
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or, for helium:

WNT _
A = 6.905. (68)

For choked continuum flow in terms of upstream pressure:

WYT _ K/ 2 \K+1 L
e -340.3CD1/%(K+1)K_1 - (69)

or, for helium with a coefficient of discharge of 0.9:

Wﬁ = 11,302

PA- (70)

Appendix B also indicates the transitional pressure as being in
the order of 0.0063 psia. For pressures near design values,
the flow from the torus will be continuum and from the lens free

K molecular.

(71)

__RVT  A(wyT ©-6)
P _ "144 X 60 V\ PA o
P_C°

o
The denrecsurization rate is therefare a function of (A:,/V)
(W{/T/PA). For the lens to have the same de\pressurization

rate as the torus:

A(WAT _la WAT | 72
V\FE )|, " [V\FA (72)
ens torus

Utilizing Equations 68, 70, and 72, it was computed that the lens
should have 3. 62 exhaust holes per squarefootof surfacearea, The

lens was presumed to have 4 exhaust holes per square foot.

Appendix C presents the method for sizing torus bulkhead
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orifices. Several constants were changed because the gas is
helium rather than air; the helium values are 11. 302 in Equa-
tion C-7, 14.69 in Equation C-8, 0.4083 for the pressure ratio
determining applicability of Equations C-7 and C-8, and 0. 04470
for Equations C-9 and C;IZ. Only the analysis in the vacuum

condition was used.

A supply flow rate of 0. 36 1b/min and bulkhead flow control ori-
fice sizes of 9/16-, 27/64-, and 9/32-in. diameters,respectively,
seem to meet the specified conditions. The resultant pressure-
time curves are presented in Figure 64.: The quantity of helium
required for the eight minutes of torus pressurization is 0. 449
lb. The stabilized pressure values (i.e., dP/d6e = 0) are 1. 047,
1.043, 1.038,and 1. 026 psia,respectively, which is a variation

~of 2.0 percent.
Appendix B presents the method for determining the lens flow
rates and pressure-time curves. The pressurization equation
can be expressed:

(73)

VRT -0.015707YRT _‘\‘}: 0
P = 0.007369 Yx=W_[1 - e ,

which reduces to:

-0.001982¢6

P = 0,5877W_(1 - e ) _ (74)

For the specified time of two minutes and design pressure of
0. 002437 psia, Equation 74 yields a mass flow rate (Wo) of
0.01959 1b/min. Figufe 65 presents a plot of Equation 74.

To maintain design pressure, the supplied mass flow rate must
equal the mass flow rate exhausting through the exhaust holes.
Equation 68 yields this mass flow rate as 0. 004146 1b/min. The
quantity of helium required for the four minutes of lens pres-

surization is 0. 0475 1b.
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Figure 64 - Torus Pressures versus Time (Flight-Test Model)
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The depressurization equation has previously been expressed as
Equation 71, and is applicable for the lens and torus. Figure 66

presents Equation 71 in graphical form for the lens and torus.

The total quantity of helium required will be the sum of the 0. 449
1b for the torus and 0. 0475 1b for the lens, or 0.497 lb. When
stored at 3000 psi the required volume will be 0.236 cu f{t.

The supply orifice sizes can be computed from Equation 70,uti-
lizing the upstream pressure of 5 psia and the computed supply
flow rates. The computed orifice sizes are 0.432- and 0.1008-
in. diameters for the torus and lens,respectively. The supply
lines upstream of the orifices should be at least twice the orifice
diameters of 1. 0- and 0. 25-in. diameters for the torus and lens,

respectively.
(4) Summary

For the flight-test satellite the helium storage volume should be
in excess of 0.236 cu ft at 3000 psia. The supply orifices should
be 0.432- and 0. 1008-in. diameters for the torus and lens,re-
spectively. Bulkhead orifices for the torus should be 9. 16-,
27/64-, and 9/32-in. diameters in order from the inlet port.

If 0. 020-in. diameter exhaust holes are used, the torus should

have 0.2 and the lens 4 holes per square foot of surface area.

The predicted pressure-time curves are presented in Figures
64, 65, and 66.

(5) List of Symbols

A orifice area

CD = coefficient of discharge

A
]

ratio of specific heats

P = total pressure in torus chamber, lens,
or ducts
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D= design pressure in torus or lens
o © initial total pressure
R = gas constant
T = total temperature
V = volume of gas in torus chambers or lens
W = mass flow rate
W = initial mass flow rate
6 = time
60 = initial time
h. Temperature Distribution Study

The flight-test lenticular satellite is, from a temperature viewpoint,

a nearly perfectly scaled version of the full-scale satellite.

The temperature distribution study for the full-scale satellite given

in Item 2, h,is therefore applicable to the flight-test model.

I

Error Analysis

- (1) General

Ac in the cacse of the full-scale satellite the coefficients dp/dS
and 8p/8D for @ = 42 deg are -3 and 4 respectively. The basic
equation then becomes, ’

P =po-3AS+4AD.

p, = 37.36 1it;

D = 50 ft;

o

S =2ap = 54.77ft.
o o

Under ideal conditions the radius of curvature of the lens would

be p = 37.36 ft. Variations AS and AD in arc length and lens
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diameter respectively from the ideal values So and D0 arise

from the sources described below.
(2) Manufacturing Tolerances

It is planned to determine the diameter of the torus by measure-
ment before the lens is assembled to it. This will make AD es-
sentially zero. A tolerance of 0.5 in. is estimated to be reason-

able for the arc length. Therefore,

AS = 2L{ft ,
|
| and
Bp =P - P,
_ 1
= 3(?1)
= -0.125 ft .

(3) In-Plane Rim Deflection

The maximum in-plane rim deflections, from Item c,is less than
0.00183 + 0.00046 = 0.00229 inches; then

< 2 X 0.00229

AD V)
= 0.00038 ft
and
Ap =P - P,
<
= 4 X 0.00038
{ = 0.00152 ft .

(4) Torus Pressure

The nominal design pressure for the torus is 1. 047 psi (see. Item

3, b), and the cross-sectional area is 7(9. 77)2 = 300 sq in. The

/o~
—10"-
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(5)

(6)

total torus load is 300 X 1.047 314 lb. Assuming that the

pressure can be controlled to £10 percent the variation in load
will be *31.4 1b.

load variation is carried entirely by the rim,which has a cross-

To be conservative it is assumed that the

sectional area of 0.01257 sq in. The change in diameter is

AD - 31.4 X 50 _
~0.01257 X 18 X 10
= 0.007 ft
Ap = %4(0.007)
= 0, 028 ft .

Lens Pressure

The nominal lens pressure is 0. 002437 psi,based on a wire stress
23,000 psi (see Item 3, a). Using the stress-strain curve of Ref-
erence 10 as in Item 2, i, and cted pressure toler-
ance of *10 percent the effect on the radius of curvature can be

determined as shown in Table XII.
Temperature

For the temperature effect,see Item 2, i, (6).

TABLE XII - EFFECT OF TORUS PRESSURE VARIATION ON LENS

RADIUS OF CURVATURE FOR FLIGHT-TEST MODEL

Pressure
Lens ; |Wire stress Elongat?on', Ay AS Lp
Torus (psi X 1077) (psi) (in. /in.) | (in./in.) (ft) (ft)
-10 percent 2.112 20,700 0.0010 -0.0005 |-0.0274|+0.082
Nominal 2. 347 23,000 0.0023 .
+10 percent 2.582 25,300 0.0035 +0. 0012 {+0.0657|-0.197
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(7) Summary

The computed errors are summarized in Table XIII.

TABLE XIII - LENS RADIUS OF CURVATURE

ERRORS FOR FLIGHT-TEST MODEL

Lp (ft)
Source of error Positive | Negative
Manufacturing tolerances | 0. 125 0.125
Rim deflections 0.0015 0.0015
Torus pressure 0.028 0. 028
Lens pressure 0. 082 0.197
Total 0.2365 | 0.3515

As in the full-scale model, the sources of large error are the
manufacturing tolerances and the lens pressure tolerance £10
percent; hence,these sources should be given careful attention
in the future. The maximum error in the radius is 0. 3515 ft

from all sources. This is about 1 percent of the radius of the
lens, which compares with the 1.99-ft error in the full-scale

model.

Weights and Inertias

[

[
The weights and inertias of the principal elements of the flight-test
model satellite (see Figure 67), computed in accordance with the

formulas shown in Appendix E are listed in Table XIV.

4, COMPARATIVE STUDIES

a. General

In this item a weight comparison is made of the full-scale lenticular

satellite as analyzed in Item 2 of this Subsection with (1) a spherical
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Figure 67 - Principal Elements of Flight-Test-Model Satellite

satellite made of the same material as the lens of the lenticular sat-
ellite, and (2) a lenticular satellite in which the lens material is that
of Echo A-12. In the latter case the comparison assumes equal length
booms for both configurations or equal concentrated masses. Finally,
in all cases the radius of curvature of the reflecting surface was taken
as 200 ft, and in ine cascs ui the lenticular chapes the mass moment

/1 were taken equal.
-x'"z - =z

of inertia ratios IX
Also included in this item is a parametric study of tripod boom struc-
ture. The effect on weight, perturbing torque due to solar pressure,

and aerodynamic drag for two alternate methods of boom construction

are compared with the proposed full-scale satellite design.

Io

Sphere
The sphere used in this comparison has the following characteristics:
Total area, A = 411p2 = 4m(200 X 12)2 = 72.35 X
6 .
10~ sq in.
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TABLE XIV - WEIGHTS AND INERTIAS
Satellite component
Materials Lens Mass
and (spherical M M
properties zone) Torus Rim M‘ u, u,
Material 1.2-mil copper wire at 1-mil Mylar 0. 002-in.
21 per inch, 0.6-mil o, = 13,000 psi beryllium-
hotolyzable film Y copper
P y - opy = 20,500 psi PP
Young's modulus, E Only copper 10 - 16 X 0.762 X 106 psi 18 X 106 psi
10" psi
Poisson's ratio, p 0.4 1/3
Surface area (sq ft) One cap 2252.6 829. 6 Actual foil
area -
82.25
Enclosed volume Between two spheri- 337.6
(cu ft) cal zones and rim
20,256.5
Weight in 1b sq in.
of surface when the
photolyzable film is
ON 0. 0000382 0. 000050 0. 000594
OFF 0. 0000154 0.000050 0. 000594
Total weight (1‘-:)’.l Two caps
ON - 24.80 6.00 7.00 56.5 i1.5111.0
OFF - 10.00
Weight of helium (1b) [ 0. 037 0.268
Polar moment of in- ON - 8124.0 3986 4396.92
ertial, (bft OFF - 3275.1
sq)
Moment of inertia” T | ON - 4853.4 1995 2198. 46 27,395.7 | 20,315.0
Leoxw oty | Gpp _ 19s6.2
L sg)
| i

k3
The designations ON and OFF in the table refer to the lens photolyzable film before and after its disappearance,

respectively.

+Principa1 Moments of Inertia of Satellite

1.  Without photolyzable film

Ll
n

-
n

I
. . X -x -
53,860. 4 1b ft sq; Iz 11, 658 1b ft sq; — = 4.620

X - X y-y -z z -z
2. With photolyzable film ON
Ix - X .
Ix ox - I)' -y = 56,757.6 1b ft sq; Iz oz = 16,506.9 b ft 8q; —— = 3.438

zZ -2
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|
|
" 4_3 6
Volume, V = 3P~ = 33.5 X 10" cuft = 57.89 X
109 cu in.

Inflation pressure, p = 0.316 X 1073 psi [see
5 Item 2, a, (l)]

Sphere skin weight = 72.35 X 10% x 29.7 x 107 =

2150 1b

|
f Weight of inflation gas (helium) = 33.5 X 106

0.316 X 10'3

14,7
helium under normal pressure and temperature

is 0.01115 pcf).

X 0.01115 = 8.0 1b (weight of

9

Weight of helium bottle = w, = 557.89 X 10" X

b
-3 0.16
0.316 X 10 X1.5X10,000
Ftu = 160, 000 psi, density = 0. 16 pci, safety
factor, 1.5)

ng vjw

50 1b (titanium,

<. Lenticular Satellite with Echo A-12 Lens Material

(1) General

The Echo A-12 material ic 2 sandwich consisting of

Aluminum foil 0.00018 in. thick.
Mylar film 0.00035 in. thick
Aluminum foil 0. 00018 in. thick

Total thickness 0. 00071 in.

The lens rigidization pressure must stress the aluminum foil
at 5000 psi. Considering the moduli of elasticity of aluminum

and Mylar (E, = 10 X 10° psi and E,, ¥ 0.5 X 10° psi) and

A M
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noting that strains in the Mylar and in the aluminum must be
equal the lens inflation pressure can be derived from the follow-

ing simple calculations

Fpp = Tj(0- 00035)

F, = 0(0.00018)

= 5000 X 0.00018
=0.91b
M A
Ey  Fa

0. 00035EM

= 5x10°%, (75)
Theu,

F,, = 0.0875 1b,

fs =FM+2FA

= 0.0875+2 X 0.9

= 1.8875 1b/in,

PP
—— = 1.8875, and

p = 0.001576 psi.
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Because the torus buckling criterion was decided to be neglected

[see Item 2, i" (2)] the torus radius and inflation pressure will
be found from Equations 4 and 5. Selecting a torus radius r =
47 in., the film thickness and inflation pressure can be found to
be about five times as high as the respective quantities of a len-
ticular satellite with copper wire-photolyzable film lens (pres-
sure p = 0.839 psi, film thickness t;t = 5 mil, torus radius r =
47 in.).

(2) Equal Length Booms (without photolyzable film torus)’

_ : 0.000054
z -z = 1,868,896 X 55550107
(lens) _
€ 9, 344,500 1b ft sq
= 1,798,696 b ft sq
zZ - Z .
(rim)
T o= 0
(z - z)(torus)
= 11, 143,200 b ft sq
2~ Z(total)
_ 0.000054
L x = 1,112,879 X 55660107
(lens)
2 5,564,400
% - %, . = 899, 350
(rim)
% - x =0
(torus)
2 2
I = 300°(M_ ) + 190. 53°(M,)
X - X u '
(masses) 1
6,463,750 + 90, OOOMu + 36, 302M'2
X - X _ _ 1
T = 4.621 = 1T, 143,200
z - 2

(76)
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From statics (satellite centroid),

100 ) -
300Mu1 + 390(—5—1—Mu1) = 285MX (77)
Solving these two equations for M, and MI: yields M = 200 Ib,
M, = 748 lb. Then ; 1
v, -, 10
Y2 !
= 3931b.

Table XV compares the results of the preceding investigation to

the full-scale lenticular satellite.

d. Parametric Study of Tripod-Boom Structure

(1) Introduction

The tripod analysis for the full-scale satellite is given in Item
2, d. In this design it is assumed that only the Mylar is effec-
tive structurally and the contribution of the wires is neglected.
The wires are used to provide local stiffness to the Mylar which,
due to its memory, might have a tendency to wrinkle along the

fold lines that are introduced during packaging.

There are other tripod designs that might be advaniagecous fiom
a system standpoint. It is the purpose of this study to examine

these other possibilities and to discuss their relative merits.
(2) Equivalent Structural Problem

The proposed tripod was analyzed as a beam-column with a trape-
zoidally distributed load. This is a lengthy calculation that can
be replaced by a much simpler problem to facilitate the study
with very little sacrifice in accuracy. This is demonstrated be-

low.
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TABLE XV - WEIGHT COMPARISON OF VARIOUS SATELLITE

CONFIGURATIONS
Satellite configuration
1-mil copper wire at
21 per inch, 0.5-mil
photolyzable film Echo A-12 material
Lenticular Boom Concentrated
satellite Sphere ‘lengths equal masses equal
Component (1b) (1b) . (1b) (1b)
Lens 552.2 2150.0 1000.0 1000.0
Torus 116.6 583.0 583.0
Rim 100. 4 100. 4 100. 4
Mass Mu 51.0 200.0 51.0
' 1
Mass M 100.0 393.0 100.0
Y2
Mass Mj 285.0 .o 748.0 285.0
Inflation gas 6.0 8.0 30.0 30.0
Gas bottle 38.0 50.0 190.0 190.0
Canister . 120.0
Miscellaneous
(tripods,etc.) 200.0 200.0 200.0 200.0
‘Total weight 1 1413.8 2528.0 3444. 4 2539.4
i 1

Pertinent data from the exact solution (Figure 68)are given below.

P = 3.848 X 107" Ib
q, = 4.084 X 10'91b/nL
- =9 b/
qg = 7.304 X 10 lb/in,
A = 3942 in,
Y = 8.8855 in. about mid-span
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9a
P P
TRIPOD 3-IN. DIAMETER, 1-MIL MYLAR
| >
P = 3.848 x 10 > POUNDS
q, = 4.084 x 10-2 POUNDS PER INCH
g = 7.304 x 10”° POUNDS PER INCH
| = 3942 INCHES
d = 8.8855 IN ABOUT MID-SPAN

Figure 68 - Exact Solution

The equivalent problem uses the same axial load with a uniformly
distributed load equal to the average load of the exact problem
(see Figure 69). A very good approximation to the deflection at

the center of the span is given by

8

X -_9°
2 1 e (78)
-
cr
- where
4
_ 5qf
8, = SoqEr (79)
2
_m EI
Pcr = 12 (80)

Substituting the same values used in the exact solution
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Figure 69 - Approximate Solution

I-= 1TR3t = 77(1.5)3 X 1072 = 10.6 x 107> in.
2 -3
p = T_X760,000X10.6 X 1077 _ . 5 103 m
cr (3942)°
4 - -
q = {80821 7.304) » 1679 - 5.694 x 1077 w/in.
-9 4
§ =5 X5.694X1077 X(3942)" _, ;.0

384 X 760,000 X 10.6 X 10?3

§ - _ 221 _221
T .3:848 T 0.25
5,13

= 8‘. 84 in.

The approximate and exact deflections are then 8. 84 and 8. 885 in.,
respectively,or an error of about 1/2 percent. This is sufficiently

accurate for the intended study.
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(3)

Design Alternate I

Alternate I is a wire-film material of aluminum wire and 0. 25-
mil Mylar. The difference between the full-scale design and
Alternate I is that in the full scale only the Mylar is considered
structurally effective whereas in Alternate I the wire only is
considered effective and the Mylar serves primarily to contain

the inflation pressure required for rigidization.

Alternate I material has been under investigation at GAC for
some time and analytical methods and test data pertinent to such

1, 3,9

a design have been developed. These data are sufficient

to estimate the weight of the tripod as a function of the radius.

The comparison is made on the basis that the axial load and
length of the tripod are the same and that the wires are selected to

give the same deflection at the midpoint. That is:

3

P = 3.848 X 10 " 1b
f = 3942 in.
d = 8.84 in.

The distributed load will be a function of tripod radius and weight.
From Ttem 2 A the distributed loads, including a factor of safety

of 1.5 are:

From solar pressure

q 1.815 X 1077 x 1.5 X R

9

2.7225 X 10" 'R 1b/in., (81)

From gravity gradient the average load is

_ 3 X 66.91 X 0.38975 X 10'6 X 0.91325 X 1.5W

U = 32.2
6

3.32 X 10~

W Ib/in. (82)
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W is the weight per inch of tripod.

The tripod construction,as shown in Figure 70,consists of 0.25-

mil Mylar with wires in the circumferential and hoop directions.

Let A‘W be the total wire area at a cross-section

rd®
A'W = 27TR—4-S-
2. .2
- T Rd (83)

The spacing of the hoop wires must be one-half the spacing of the
longitudinal wires to make the wire stresses the same in both di-
rections due to inflation pressure required for rigidization. The
tripod weight then becomes for 0.25-mil Mylar and aluminum

wire

Figure 70 - Tripod Construction
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‘ W = Z‘n’RtyF + (AW + ZAW)YW
- =21 X+ x 1073 x 0.05R + 3A.(0.1)
z ' whe
- = 0.0785 X 10"°R + 0.3A,. . (84)

w

The total loading is then obtained by combining Equations 81, 82,

: and 84.
q = 2.7225R X 1077 + 3.32 x 10°°(0.0785 x 1073R + 0. 3Ay)
_ -9 -6
= 2.983 X 107"R+0.996 X 107°A,
= C/R+C,Ay (85)

Equation 78 can be rearranged into the following form

. 3 P
- p_ -2 <% -p (86)
cr 8 * ’
Substituting Equations 79 and 80, Equation 86 becomes:
2 2. 5(C.R+C.A)*%
7°El _ 7°El 1 2w o (87)
384E - '
XZ 128 84LEI1
or
544(C R + C,A,) iy
El - = — (88)
38498 T
Noting that
A, R%
\

| Equation 88 can be written
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2 4 2 4
E? Aw - 4 Cohw = E‘%" ¢ 24 CR (90)
3848 m 3848
Solving for AW gives
2 4
i3 cr
Ay = ﬂz 3842 (91)
ER™ 54 C
2" 3848 2

The above equations relate the wire area required to the radius
of the tripod. For this particular case the magnitudes of the

various quantities are:

1 pg? _ 3.848 X (3942)% x 1073 _ coso
: > 5 _
: T .
5
| 51° C, = 5(3942)*2. 983 x 1077 = 1055 )
384§ ! 384 X 8.84
i
|
i 5% . - 1055C, _ 1055 X 0.996 X 10—6 = 352 000
J ~—C, = _ X _ |
| 3848 1 2.983 X 10
|
H
| E 100 o o oonn
T - _2— - Y, VVuu, vuvu

Substituting the above values into Equation 91

6 + 55
O%O 1055R . , (92)
(5kR” - 0.352)10

AW=

In the above equation it should be noted that a new factor k has
been added.

duction in the modulus of elasticity.

This factor is less than one and amounts to a re-
It has been found in pre-
liminary tests conducted to date that the effective stiffness can

be much less than that computed by conventional means.
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The rigidization pressure, p, required is also of interest and is

given by
_ 2
GyAW = TRp
or
o A
\
' m

where cry is the yield stress of the wires,

The perturbing torque and aerodynamic drag is also of interest.
This will not be determined directly but as a ratio, assuming
that these forces are proportional to the projected area, S, of
the members. Because the configurations are the same and only

the diameter of the tripod is varied it follows that

T _ D
Ts Dg
=S
SS
- R
Re
R

=15 (94)

where the subscript S refers to the proposed full-scale design.

The results of the following computations are given in Table XVI

for several radii varying from 0.8 to 2. 0 in.

A, = L050FLOSSR oy0-3

W 5kR” - 0. 352

0.0785R X 10'3

=
]

+ 0. 3AW 1b/in,
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TABLE XVI - CALCULATIONS FOR ALTERNATE 1

wo__ W
WS 2TRty
- W
3r X 0.05 X 10°
- w
0.472 X 10'3
T_DR
T‘S' Ds‘l"S’.
i 6,500AW
P =2
7R
A
= 2065 quv_
R

3

-186-

Radius
Item 0.80in.{0.90in.| 1.0 in.|1.25in.| 1.50 in. 2.00 in.
Fork = 1.0
R® (sq in.) 0.640 | 0.81 1. 00 1.5625 | 2.25 4.00
1. 055R (in, ) 0.845 | 0.950 | 1.055 [ 1.320 1.583 2.110
5R2 {sq in.) 3.200 4. 05 5. 00 7.812 11.250 20. 00
6.050 + 1.055R (in.) | 6.895 | 7.000 | 7.105 | 7.377 7.633 8. 160
SR% - 0.352 (sqin.) | 2.848 | 3.698 | 4.648 | 7.460 | 10.898 | 19.648
Ay X 10 (sq}in.) 2.420 | 1.89 1.53 0.987 0.701 0.415
0.0785R X 10 (in.} | 0:063 | 0.071 | 0.078 | 0.098 0.118 0.157
0.3, >3< 103 (sq in.} | 0.727 | 0.567 | 0.459 | 0.296 0.210 0.124
W X 107 (b/in. ) 0.790 | 0.638 | 0.537 | 0.394 0.328 0.281
W/Wg 1.670 | 1.35 1. 14 0.835 0.695 0.596
T/Tg or D/Dg 0.532 | 0.600 | 0.667 | 0.834 1. 000 1.333
p (psi) 7.810 | 4.82 3.16 1.29 0.643 0.214
Fork = 0.5

SkR2 {sq in.) 1.600 1. 025 2.500 3.906 5.625 10. 000
5kR% - 0.352 (sqin.)| 1.248 | 1.673 | 2.148 | 3.554 5.273 9.648
6.050 + 1. 055R (in.) | 6.895 | 7.000 | 7.105 | 7.377 7.633 8.160
Aw x 103 (s;; in.) 5.51 4.18 3.31 2.07 1. 445 0. 847
0.3A,, X 10 ;aq in.)[ 1.653 | 1.254 | 0.993 | 0.621 0.433 0.254
0.0785R X 10~ (in.) | 0.063 | 0.071 | 0.078 | 0.098 0.118 0.157
w x 10° (1b/in. ) 1.716 | 1.325 | 1.071 | 0.719 0.551 0.411
W/Wg 3.63 | 2.81 | 2.27 1.52 1.17 0.870
p (psi) 17.8 10.6 6.85 2.74 .33 0. 44
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Two values of k were used,1.0 and 0.5. The results are plotted
in Figures 71 and 72. Figure 71 shows the effect of radius on
weight and perturbing torque. Figure 72 shows the effect of ra-

dius on the inflation pressure required for rigidization.

Figure 71 shows the trade-off between tripod weight and perturb-
ing torque due to solar pressure or aerodynamic drag. It is evi-
dent that if k approaching unity can be realized,this method of
construction is definitely superior, for it is possible to reduce
both weight and torque. Several particular points of interest

are given in Table XVII.

If k approaches 0.5 then the advantage is not clear cut. Weight
can be reduced then only at the expense of increasing torque or

torque can be reduced at the expense of increasing weight.

Regardless of the value of k it is apparent from Figure 72 that
the inflation pressure required will be greater than that required
for the torus or lens. Three pressures must be regulated if
this method of construction is employed instead vof two, as in the
present design. This makes the Alternate I system more com-

plicated and less reliable,which is a definite disadvantage.

TABLE XVII - WEIGHT, TORQUL,

AND DRAG VALUES VERSUS

TRIPOD RADIUS

W T D

Radius Wg T **4 Og
1.10 1. 00 0.74
1.25 0. 84 0.84
1.50 | 0.69 1. 00
2.00 " 0.60 1.33
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i
<
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Figure 71 - Weight, Torque, and Drag versus Tripod Radius

-188-



SECTION III

' Subsection Two - System Analysis GER-11502

12

0 0.5 1.0 1.5 2.0
TRIPOD RADIUS, R (INCHES)

INFL ATION F’RESSURE_(POUNDS PER SQU ARE INCH)

Figure 72 - Inflation Pressure versus Tripod Radius
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(4) Design Alternate II

In this case it is proposed to use wire-film material as in Alter-
nate I except that the film will be photolyzable film rather than
Mylar. The advantage of photolyzable film would be a reduction
in solar torque and aerodynamic drag after the film has disap-

peared.

‘Immediately after deployment, while the film is still present,
the design condition will be the same as for Alternate I, assum-
ing that the photolyzable film weight required is the same as the
0.25-mil Mylar used in Alternate I. If this is so, then the pre-
vious analysis applies and no saving in launch weight would be

realized.

After the film disappears, the structure is altered in that the
shear must be carried in the wires instead of in the film. It is
therefore necessary to investigate the effect of shear deflections

on the structural integrity of the tripods.

The approach used is that given for latticed columns in Reéference
10. Using the nomenclature of Reference 10 a shear stiffness is

defined as

Lo _a
P, © 4G
2
_ ab a
® T2ET, + 24ET] ' (93)

In the wire film application, member AB corresponds to the
longitudinal wires, member CD corresponds to the hoop wires,

and b, a are the wire spacing, respectively.

The quantities in Equation 95 are then for the wire film applica-

tion;
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A — v/2 —_— v/2

Vs

v/2 —~—— v/2 -
B
L =1
_’le4
b =S8
-2

Substituting the above in Equation 95 gives

(s . G

P, " AG 12Erd®  24Era?
|~ %32 %4
2
10 S%q
= (96)
37 gg¥
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-192-

The general expression for shear deflection is

X
aVn
%S = [ Ia—dx ’ - (97)
0 .

where aVn is interpreted here to be the load at the néutral axis,

or the maximum shear flow times the wire spacing

VS
aVn = 1T_R- . . (98)

Substituting Equation 98 into Equation 97 gives

S. = x<1° 53)de. (99)
S 0 372 ERA/

For a beam of length, £, with a uniformly distributed load, q,

the deflection due to shear at the mid-span is

3 2

10 S

8s =~ 4(‘181> : (100)
37° ERd

The bending deflection is obtained by combining ”Equations 79,
83, and 89,which gives

20qX4S

2

= (101)
3847°ER"d%

The ratio of shear to bending deflection is then

by 2.2
= = = (102)
8y d'k ,
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For this application the approximate values of the above quanti-

ties are
S 2 0.25 in.
. . R #£1.0in.
d 2 0.01 in.
£ % 4000 in.

.Substituting these into Equation 102 yields

S
S 1 .

s 3000 (103)
B

|
|
SECTION III ' v

From this it is apparent that the shear contribution to the deflec-

tion is small and can be neglected in this application. Therefore,

is for all practical purposes unchanged, the loads are reduced,
and it can be concluded that if the structure is satisfactory with
film it will also be satisfactory without film. The weights ob-

tained for Alternate I, therefore, are applicable to Alternate II.

The reduction in solar torque and aerodynamic drag can be es-
timated roughly by assuming that the torque and drag are pro-
portional to the total projected area oi ihie wires, Thic can ke
expressed conveniently as a ratio of projected area, S, to the

standard area, SS.

The projected area of the longitudinal wires per inch of tripod

- 2TR
S; = (d X 1)55=

There is twice as much hoop wire as longitudinal wire so the

i
after the film disappears, the strength and stiffness of the tripod
total projected area of the wires is
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n
1]

3SL

_ 67Rd
- S

(105)
The standard area SS is 3, since the proposed design has 3-in.-
diameter tubes, so

S _ 27Rd
Sl (106)

For Alternate I the wire area required was determined as a
function of the radius R. These results are valid for this appli-
cation and can be used to evaluate Equation 106. Equation 83

can be rewritten in the form

R LA (107)

or

(108)

_SS_ - zﬁ\/_s,_ (109)

Equation 109 is evaluated using the values of R and AW from
Table XVI and assuming S is 0.25 in. These calculations are

shown in Table XVIII.

The values of S/Ss are plotted as a function of R in Figure 73.
The most interesting feature is that the value of S/Ss decreases
with increasing R for the cases without film. Since the weight

decreases as R increases (note Figure 71), it must be concluded
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TABLE XVIII - CALCULATIONS FOR S/S_

k= 1 k = 0.5

R |Ay X 10%|RA,, x 10*[/RA [s/5_ " |a,; X 10%|RA,, X 10| VRA |s/s_"
0.80| 24.2 19.3  |0.0440(0.249| 55.1 44.1 |0.0664|0.375
0.90| 18.9 17.0  [0.0412[0.233| 41.8 7.6 |o0.0614|0.346
1.00| 15.3 15.3  |0.0392|0.222| 33.1 33,1 | 0.0576/0.326
1.25| 9.87 12.3  |0.0351|0.198] 20.7 25.8 | 0.0508|0.287
1.50| 17.01 10.5  |0.0324|0.183| 14.45 21.7 | 0.0466]0.264
2.00| 4.15 8.3 |0.0289]0.163| 8.47 16.9 |0.0411|0.232
*s

5 = 5656 VRA,,

where R and A

(5)

w

are obtained from Table XVI.

that the wire-film tripod with photolyzable film (Alternate II) is

the best design.

Summary

Two alternate tripod designs have been investigated and the re-

sults are summarized below:

1.

Proposed full-scale design - The proposed
design, see Item 2, d, consists of three-
inch-diameter tubes of one-mil Mylar,
This design is light in weight and Simple
to fabricate. Structurally the memory of
the Mylar might be a problem, but the ad-
dition of wire reinforcement as proposed
to stabilize the section locally should re-

solve this problem.

Alternate I - A wire-film material in which

-195-



SECTION I o :
Subsection Two - System Analysis GER-11502

1.4

1.2

1.0

WITH FILM

0.8

TN
&z 1/2
I \
\k: 1 \
0.2 e WITHOUT FILM —|
| \
[7p]
[72]
~ .
(7]
0 0.5 1.0 1.5 2.0

TRIPOD RADIUS, R (INCHES)

Figure 73 - Torque and Drag Comparison
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a practical minimum weight film is used
to contain the inflation pressure with the
loads carried entirely by the wires. This
approach is definitely advantageous (note
- Figure 71) if a value of k approaching

| unity can be realized. One disadvantage
is that a separate pressure control will
probably be required for the tripods (note
Figure 72).

3. Alternate II - This is the same as Alter-
nate I except that photolyzable film is used.
The weight should be the same as for Al-
ternate I but substantial reductions in so-
lar torque and aerodynamic drag are pos-
f sible (see Figure 73). On the other hand
considerable development effort might be

required to answer the following questions:
1. What k can be used?

g 2. Can the inflation pressure be con-
tained with photolyzable film at the

avpected temperature ?

3. Can the wire intersections be made
such that no relative rotation occurs
between the longitudinal and hoop

i wires?

jo

Summary

This study shows that the full-scale lenticular satellite as proposed

herein is substantially lighter in weight than either an equivalent

sphere or a lenticular satellite with Echo A-12 material for the lens.

Compared to the sphere the weight saving amounts to 1115 1b or 44
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percent of the sphere weight., The comparison with the Echo A-12
material is approximately the same, the weight saving being 1126 1b
when compared to the case where the concentrated masses are kept

the same.

The weight breakdowns presented in Table XV provide information

from which the following conclusions can be drawn.

1. The principal part of the sphere weight (2150
1b) is in the shell and can be reduced only by

the use of lighter weight material.

2. The inflation system weight is relatively small
(58 1b),but it should be pointed out that the rela-
tive properties are dependent on size and that
the inflation system weight will increase more

rapidly than the shell weight.

3. The weight increase with the Echo A-12 ma-
terial can be attributed to two causes. The
first is the unit weight of the lens material,
which increases the lens weight 448 1b (from
552 to 1000 1b). The second is the increased
strength of the A-12 material,which in turn
requires a higher inflation pressure. ‘L'his
affects both the torus and the inflation system
weights. The torus weight increases 446 1b
(from 117 to 583 1b) and the inflation system .
176 1b (from 44 to 220 1b). Therefore,the in-
creased weight of the material accounts for
448 1b and the increased strength for 642 1b
or a total of 1090 1b.

The study of alternate materials for the tripod booms show that Al-

ternate II, aluminum wire with photolyzable film, is the best. The
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w‘eight, torque due to solar pressure, and aérodynamic drag can be
reduced simultaneously from the corresponding values for the full-
scale satellite. On the other hand considerable development work
might be required to establish the desired level of confidence in this
- : ' approach. "Alternate I, aluminum wire plus 0.25-mil Mylar might
have advantages over the present concept,but additional work on this
approach is required to establish the value of the parameter, k, be-

fore specific conclusions can be made.

5. CONCLUSIONS AND RECOMMENDATIONS

As a result of the studies and analyses made during Phases I and II it is

concluded that:

1. It is feasible to meet the system requirements with

the full-scale satellite proposed herein.

2. The flight-test model will in general be structurally

less critical than the full-scale satellite.

3. A flight-test model is desirable to demonstrate and
to obtain information regarding packaging, deploy-
ment, rigidization, and orbital behavior to increase
confidence in the basic concept and to improve the

design of the tull-scale sateliite.

4. Alternate studies show that the proposed design is
lighter than a similar lenticular using Echo A-12
material for the lens or for a 400-ft-diameter

sphere.

5. A further reduction in weight is possible by refine-
ment in design and development of improved ma-

terials.

It is recommended that:

-199-
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Work to be continued on material and fabrication
development, design studies, and component test-
ing with the objective of decreasing launch weight

and increasing the confidence level,

A detail design and test program for a flight-test

model be initiated.

6. LIST OF SYMBOLS

-200-

A = area enclosed by the periphery
of the rim cross-section

D = lens chord
E = modulus of elasticity

F = concentrated load normal to the
rim plane

f = stress, in general
F.S = factor of safety
G = shear modulus

g = acceleration of gravity on the
surface of the earth

B v L S v
o - aistancc of rim conter frox

the tripod apex

, 1 I = mass moments of inertia of
satellite about principal axes
X, y, and z

Ix, I = moments of inertia of rim cross
z . .
section about centroidal axes x
and z

J = 4A2-7'- j’dt_s for the rim cross

section

. EI .
j =\ in a beam-column
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L = boom axial load
{ = boom length
" M = concentrated mass
Mx = bending moment at station X
m = mass per unit area
m_' = mass per rim unit length, as-
suming that rim, torus,and
lens masses are uniformly
distributed around the rim
P = load at the tripod apex

p = inflation pressure

Q = concentrated load in the plane
of the rim

q = uniform radial pull on the torus
from the lens also (with sub-
scripts) any distributed load

R = rim radius

r = radius of torus meridional sec-
tion

r = radius of tripod leg (boom)
cross section

S = lens arc length
t = thickness in general
w = in-plane rim deflection; also

tripod boom transverse deflec-
tion

Cartesian coordinates originat-
ing from the center of the rim
(x and y in the plane of the rim,
z along the polar axis of the
satellite)

X, Y, 2
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Subscripts:

X, Y,

cr

Z

i

angular deviation in the orbital
plane between the polar axis of
the satellite and the radius of
the earth

angle between the polar axis of '
the satellite and its orbital plane,

degrees

rim deflection normal to its
plane

elongation
parameter angles

(I -1 y +1
X - X Z -z X - X
Poisson's ratio

lens radius of curvature

angular velocity of satellite in
its rotation around the earth

copper
critical

lower or lens

upper

torus

yield

boom

rim

locations on the rim corre-

sponding to the values g = 60,
180,and 300 deg,respectively

~associated with respective

axis
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SECTION III - TECHNICAL DISCUSSION - PHASES I AND II

Subsection Three - Stabilization and Orientation Systems

GENERAL

The gravity-gradient stabilization system and the orientation system for

.the proposed passive lenticular satellite have been studied.

The purpose of the stabilization system is to maintain the attitude of the
lenticular satellite in an upright position within a nominal accuracy of %3 ¢
deg. To accomplish this, the stabilization system must ensure that initial
attitude errors are damped out within a reasonable time limit and must
also ensure that steady-state perturbing torques on the satellite, such as
those due to solar pressure and orbital eccentricity, are prevented from
building up attitude errors in excess of the nominal accuracy. The grav-
ity-gradient stabilization system consists of gravity-gradient booms with
attached canister load and a libration damping device. Figure 74 pre-
sents a schematic of the system. For gravity stabilization purposes,
the important considerations are the moments of inertia of the principal
axes ot the satellite, including iiie contributicn cf the gravity-gradient
booms and their associated canister loads, as well as the energy dissipa-

tion capability of the damping device.

The purpose of the orientation system is to provide proper attitude of the
spacecraft prior to the time when the gravity-gradient stabilization cap-
tures the attitude of the lenticular satellite in its fully deployed configura-
tion. The orientation system thus functions from shortly after orbital
injection until the gravity-gradient stabilization system is ready to cap-
ture the attitude of the fully deployed satellite. In this interval of time,
the orbiting payload is going through a metamorphosis that changes its

configuration from a pair of hemispherically sealed canisters to its final

~-203~
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OUTER DAMPER ELEMENT

DAMPING FLUID

INNER DAMPERELEMENT

TORSIONAL MODE

————— HELICAL SPRING

PLUNGING MODE

BOOMS

: LENTICULAR SATELLITE

Figure 74 - Rice-Wilberforce Damper Applied to Lenticular Satellite
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configuration. The orientation system consists of a timing device and a
despin mechanism, which ensure that the angular momentum of the pay-
load (as established by the orbital injection stage of the propulsion sys-
tem) is reduced to a low value at that point in the orbit where the momen-
tum vector originally due to spin is vertical. On the basis of studies
made so far, it appears that the orientation system does not require any
active attitude control jets or magnetic torquing coils. The tolerance on
the accuracy with which the orientation system kills the momentum vec-
tor is relatively crude, but the gravity-gradient stabilization system is
able to capture the attitude of the satellite with initial attitude errors on
the order of 40 deg and attitude rate errors on the order of the orbital

rate. (See Reference 1, Figure 7.)

2. STABILIZATION SYSTEM
a. General

The stabilization system for the passive lenticular communication
satellite consists of the set of gravity-gradient booms with the at-
tached canisters as inertia loads and a damping device. Perform-
ance requirements of the damping system are assumed to be a damp-
ing time constant of less than five orbits and the suppression of
steady-state forced errors in pitch and roll to less than 3 deg. On
the bé,sis of studies made so far, it appears that these performance
requirements can be met. Studies made to date have been primarily
concerned with the stabilization performance achievable on the opera-
tional satellite configuration. There is no reason to expect that
adequate performance cannot be achieved on a test satellite of much

less weight and inertia.

Studies of the gravity-gradient stabilization system were made for
both transient conditions as well as for steady-state disturbing con-
ditions. The equations of motion applicable to the gravity-gradient

stabilization problem were developed using the classical method of
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Lagrange. These equations were simulated on both analog and digital
computers. Various forms of the Rice-Wilberforce gravity-gradient
damping device were investigated, including forms such as a simple
single -mode lossy spring and tip mass, a dual-mode los sy spring -
with the tip mass, and a dual-mode los sy spring with tip mass and
internal fluid damper within the tip mass. Figure 74 presents a
sketch of the dual-mode lossy spring and fluid damper as applied to
the lenticular satellite, This last mentioned form of the damper is
an optimum one, being very efficient as a gravity-gradient device giv-
ing damping time constants in both pitch and roll axes of the ordér of
1-1/2 orbits and with no steady bias or hang-off errors., However,
further studies must be done to assess the full effect of cross -
coupling in the equations of motion. The results are therefore some -

what tentative.

Equations of Motion for Lenticular Satellite with Rice -Wilberforce

Damger

(1) General

The equations of motion presented here are the basis for study
of the stabilization and damping of the gravity -gradient -stabi -
lized leénticular satellite, They have been used for both analog
and digital computer studies., They are an adaptation and exten-
sion of the equations developed by Dr. J. L. Vanderslice at
APL-JHU for studying the dynamics of the TRAAG satellite.

The original equations are published in TG-502, 11

The coordinate systems, Euler angle set, and nomenclature are
identical to those used in the reference, with the addition of
terms necessary to describe the additional degree of freedom of
the Rice -Wilberforce damper concept, The system configuration
and the YXZ Euler angle orientation are depicted in Figure 75.
The applicable simplifying assumptions from the reference with
changes in wording as believed necessary along with two addi-

tional assumptions are presented below:
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A0S

ATTITUDE PARAMETERS FOR THE LENTICULAR SATELLITE

X, ¥, X v~ COORDINATES ALONG ORBITING REFERENCE
AXES, X I3 TANGENT TO THE ORBIT iN THE
FORWARD DIRECTION, Y IS NORMAL TO THE
ORBIT AND STTIRECTIONAL WITH THE OREIT-
AL ANGULAR VELOCITY, Z IS ALONG THE OUT-
WARD POINTING LOCAL VERTICAL, THE ORIGIN
1S AT THE CM OF THE TOTAL SYSTEM (1, E,
LENS AND DAMFPER) . THE ORBIT IS ASSUMED
TO BE CIRCULAR AND HENCE THE ORBITING
REFERENCE AXES ARE RECTANGULAR,

€.9.{ = COORDINATES ALORG THE PRINCIPAL AXES OF
INERTEA OF THE THE LENS ONLY,

$,, 8, —— PORTIONS OF UNIT SPHERES TO ALLOW VISUAL~
1ZATION OF LIBRATION ANGLES AS ARCS ON
THESE UNIT SPHERES, S, IS CENTERED AT THE
CM OF THE LENS {WITHOUT DAMPER ) WHILE 53
IS CENTERED AT THE BASE OF THE SPRING
SYSTEM,

Z,. Zl = AXES PARALLEL TO Z, DETERMINING THE PiTCH-
ROLL ORIGIN (0,0) ON THE SPHERICAL CAPS 8,
AND 5;, ORIGINATING FROM THE CENTERS OF THE
SPHERES, (NOTE THAT THE Z, AND Z3 AXES ARE
NOT THE TRUE LOCAL VERTICALS THROUGH THE
CENTERS OF THE SPHERES, HOWEVER, THEIR
OEVIATION FROM THE TRUE LOCAL VERTICALS
1S LESS THAN ONE SECOND OF ARC, )

‘:-91-‘\— PITCH, MOLL, YAW ANGLES (RESPECTIVELY)
OF THE LENS (POSITIVE PITCH IN THE DIRECTION
OF THE ORBIT, POSITIVE ROLL IN THE NEGATIVE
Y-DIRECTION, )

e Simoi, mALr suel Fo (emesEsvUEI VY AF TWE
SPRING-DAMPER SYSTEM (POSITIVE PITCH IN
THE DIRECTION OF THE ORBIT, POSITIVE ROLL IN
THE NEGATIVE Y-DIRECTION, )

¥ ——e SPRING WIND-UP ANGLE,

v, —— ANGLE OF ROTATION OF THE INNER DAMPER MASS

RELATIVE TO THE SPRING - SNELL SYSTEM,

Figure 75 - System Configuration

and Attitude Parameters

-207-



SECTION III
Subsection Three - Stabilization and Orientation Systems GER-11502

1. The orbit of the center of mass (C. M.) of the

satellite-damper system is inexorably circular.

2.. The inner and outer masses at the end of the
spring are considered as point masses. The

weight of the spring is neglected.

3. The axis of the helical spring remains rectilin- .
ear, and the spin axis of the end masses lies
along the spring axis. There is no torsion in

the spring connection to the canister.

4. Although the spring loss is expected to be prin-
cipally hysteretic, it has been represented by

an equivalent viscous damping.

5. In the collection of trigonometric terms in the
final differential equations of motion, third-
order terms are negligible except where }¥
is concerned (see next assumption); that is,
sin © = 6, sin® 6 = 6%, cos 0 = 1 - (92/2),
c:os2 6 =1 - 62, sin 6 cos 6 = 0, and cos ©

cos g =1 - (92/2) - ;52/2.

A Third-order terms containing 'V, when mul-
4

tiplied by Is or Irn are negligible.

7. The nonlinear spring can be simulated by a "con-
stant" spring constant, based on desired equ'ili'b-
rium length and helix angle, and a bias in the E
equation, Whi(Ch results in static equilibrium

© about re.

The original equations in the reference contained seven degrees
of freedom. The equations presented here have one more de-
gree of freedom, resulting from inclusion in the dynamics of

the Rice-Wilberforce damping concept. The term M/(m + M)
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(2)

has been retained as a multiplying factor in the energy expres-
sions, therefore resulting in differences from the reference
equations. Depending on the damping and weight requirements,

this term may or may not be approximated by unity.

The revised nomenclature and the energy and dissipation func-
tions are presented first, followed by the revised equations of

motion obtained by applying Lagrange's methods.

Nomenclature
(") = d( )/at
w = constant orbital angular velocity, rad per sec-
ond :

R = distance from system C.M. to earth center, ft

L = distance from satellite c. g. to spring attach-

ment, ft

r, r_ = instantaneous and equilibrium length of spring,
ft

M, m = mass of satellite, combined weights on end of
spring, slugs

M = modified mass of spring weights, m = mM/M + m
X, Y, Z = bhacic rectangulat coaordinate systems, rotating
about Y at orbital speed
M’ X , etc. = rectanguiar coordinates of M, m

™

3
S
It

principal body axes of satellite -

Ié:. , 177, I. = principal moments of inertia of satellite, slug-
6Ty

—
"

spin moment of inertia of fixed mass at end of

spring, inner mass, slug-ft

= Euler angles for satellite, rad

AN
=
<)
=
B
]
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Subscripts 0, 1, 2, 3

(3)

Equations

(a) Kinetic Ene rgy

T_rTl

-z

2,22 ., 22 2,002 42 2 <2 L
L(Gl +$2{1 C91)+r(92 +y§2 C 91)+r +2Lr[6162(c91c9 +

first two Euler angles for fixed mass,
rad

spin angle of spring and outer mass
relative to attachment, rad

spin angle of inner mass relative to
the fixed (container) mass, rad

Hooke's constant of spring, lb/ft

equivalent viscous damping constant of
spring, lb-sec/ft

torsional spring constant, ft-lb/rad

spring cross-coupling extension and
wind-up, ft-lb/ft or lb/rad

spring torsional damping, ft-lb sec/rad

torsional (viscous) damping constant
acting on inner mass, ft-lb-sec/rad

external torques acting on satellite

~about Euler axes 1, 2, 3, ft-lb

system kinetic, potential, and dissipa-
tion functions

ratio of masses (m + M)/M

orderly rotations in a 3-Euler angle
rotation

2

s0,56,c(f, - 4)) + él;zzselcezs(yfz -4)) - éz,xlcelsezs(gfz - B))+

fb’léfzcelcezc(gfz - ;z{l)] + 2Lr [él(celsez - sE)lcezc(ﬁ2 - ¢1) +
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%lcelcezs(gfz - 551)] + 2(4)[L2y'51c261 + Lr(élselcezs(g{2 - g{l) -

- 6,c0,50,5(4, - 4,) + #,c0,ch,clf, - #)) + $,c0,c0,c(d, - 4)) +

i  r%4,c%,, + Lico co,s(d, - ¢’1)] ¥ w? [LZ %0+ 2Lrco,clf, - #)) +
. rzczez]] + w (ﬂ,}.l\_/[_). Z[f [6 2c2 + 0 (w + yf )ce sZn[r +

v 2 2 2 -2 2 . )
(w +‘1{1) € Gls "”1] + Ir)[el S !{’1 - el(w +¢{1)c9152¢1 +

(w + §)°c%0 ¢1] + IC[(w +#)7s%0 - 29 (0 + )50, + ,512] +

I(¢1c¢2c62+ ¢) +1 (Vlcyf ch, + ¢ + ¢3) ] (110)

(b) Potential Energy
wz 2 2
. _ 7
V = -Z—[klmr + 2k4 /mIs (r - re)lll2 + k3Is v, +

2
mw 2 2 2
m__z_ [L (1 -3¢ gflc 951) + 2Lr(c61cezsyfls¢2 - Zcelcezcﬁlcyfz +

2 2
0, - s7¢,)c2v, +

2 2 2 3 2 2
591592) +r (1l -3¢ ezc 752)]- v ’If [(c ;zfls
. 2 2 2 2 2
Szﬂflselsdxbl +c gflc 61] + I77 [- (c ;ﬁls 91 -8 ;zfl)cZg’;l -

s2d 56 s2 ¥ + czyflczel] ] 14[2c2g{1c291]] (111)
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(c) Dissipation Function

2

. ;2 ;2.
D = .“zi(mkzr + LI+ 1T, 4, ) (112)

(d) System Differential Equations (8 Degrees of Freedom)
(1p - 1)syycyd) + (Ifczl/,l " Insz¢1)él + B0, - 0)F -
Z(If - In)s¢1c¢léltf;1 +[(1§ - 117)<;2¢1 + 1{]519&1 + 2w (Ifsz.p1 +
Inc2¢l - 1,00, - mL%(e, - el)];&l - 2wmLr(6, - 0,)4, +
0
[(If - L)e2y + 14](1 - wiy + 0 [4(1£ 2y + 177c2./,1 -1,0, -

3BL(L + 1)(6, - 0,) - 3s,c (I, - 1)4,|= Lo, (113)
- * < ) dJ

4

(1 %9 + 1P gy + (1, - L)sUcyy8) - 1,0, ) + ML, - 4 +

2(15 - In)slﬁlcwl{z{l(/;l + [(1f - xn)cz ¢, - 14] ézl./}1 +
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w{-ZﬁLZ(?‘z S4By -2 sty ¢ 1Py 1006, - 2mLn(d, - 4, +

2(Lp - T)sgc g1 - 0,5y | +w? l3(16c2¢1 + Insz;/z1 - L)+

= L,{l (114)

3mL(L + r)(;»fl - ;52) - 3s ¢lc gzzl(lf - 1")61

(1, +1, + LW, + (I + I )+ 1y - 10,8, - (I - L)s e w2 -
[(If S L)e2y 4 Ié]{z{lél *(Lg - L)sye x/llélz -
w[Z(I(f - In)s ¢1c¢1,zl + [(If - 17’)c2¢1 + Ié.] 91] -

w? [(15 - L)sdeyy + L, - In)s¢1c¢l(3g{12 -40.%) + |

34,0, c2 g - 17’)

= Ly, (115)

L8, + rb., + 216

| , 2 B
! ) + 2w [Lez,al + rez,&Z] +w [Le1 + (3L + 4r)62] =0

2
(116)

L3, + g, + 2rd, + 2w [L(gfz - g{l);z{l - Lelé1 - rezé2 + f] + 3w3(L + r)g, = 0

(117)
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. PO v 2 . 2 g 2 . 2
L(,zfz - ,51),51 +L(6, -0,)6, +F - Lgfl -1o,° - rdz - 19,7 -
. . N. . 2 , 2 2
Zw[L¢1+rd2-zk2r]+w[[.Nkl-3+462 +3g{2]r+

; 3 2 2 2 2
['3+?(91 + 6, +y!l +952 )+6162]L+ Nk, /Is/m¢2+3(re+1..)-
1

Nklrej =0 (118) —
(I, + 1) {{}1 (I, + 1) :,'0'2 4 Imx'jr'3 +t wkgl ‘["2 + :
'wz[k?’lsgbz +k, [Tm (r - re)] = 0 (119) .
{b'l + "/’.z + x'/r'3 + wkéa,/}3 =0 | (120) -
c. Rice-Wilberforce Spring Equations

(1) General

The basic concept of the Rice-Wilberforce damper involves use
of the cross-coupling characteristics of the helical spring as a
mechanism for converting plunging motion into rotary motion. —
At the beginning of this study it was found that the available lit-
erature and classic textbooks on spring characteristics did not
provide an adequate coverage of properties of helical springs

in the region of parameters needed in this application.
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For this reason, the necessary equations were developed as a
part of the study. Subsequently, a Russian paper12 was found
to be nearly identical to the work summarized here and served

to corroborate the validity of the analysis,

The analysis which follows is not intended to be an all-encom-
passing treatise on the subject of helical springs but is reason-

ably broad within the following constraints:

1. It is assumed that the spring is made of
wire of uniform-symmetrical cross sec-
tion and that the helix angle and radius of
the coil are uniform throughout the length

of the spring

2. The wire diameter is small compared to
the radius of the coil, so that curved beam
effects on stress distribution and stiffness

are negligible

3, It is assumed that all deflections of the
spring result from bending and torsion of
the wire; that is, that deflections due to
direct stresses (axial and shear) are

negligible
4. The wire behaves elastically

The general expressions for the axial load and rotational mo-
ment are developed as a function of the wire characteristics and

geometry (including initial unloaded geometry).

The stiffness coefficients (spring constants) are evaluated by
taking appropriate partial derivatives of the force equations,
Note that the nomenclature used to denote these stiffness coef-
ficients in this derivation differs from the nomenclature used

in the equations of motion because of convenience,
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Special cases of particular interest in this study are evaluated °
in more detail, and curves are plotted to facilitate the choice
of parameters for the dynamic study. Figure 76 is included to

show the result of linearization of the spring characteristics.

Further study of spring characteristics is desirable in the

following areas:

1. The theoretical and practical implications
of utilizing springs with various unloaded

lengths.

2. The effects of using wire of noncircular
cross sections, for example, flattened
cross sections. The equations indicate
that the cross-coupling can be enhanced
by this means. Other characteristics as-

sociated with this need more study.

3. Practical design considerations of the

geometry of the terminal of the coil.

4. The behavior of springs built from wire

coated with inelastic materials.

wn
"
ct

vulnerability to entanglement,
(2) Helical Spring Geometry Relationships

A helical spring may be geometrically interpreted as the geo-
metric figure that results from the bending and twisting of a

straight uniform wire around a right circular cylinder at con-
stant bending and twisting rates, so that the same longitudinal
filament on the wire surface is always in contact with the sur-

face of the right circular cylinder.

Figure 77 shows a helical spring with its various geometric

parameters.
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-Figure 76 - Comparison of Spring Parameters

-217-



SECTION I1II

Subsection Three - Stabilization and Orientation Systems

GER-11502

Y v

0 = HELIX ANGLE

R = COIL RADIUS

i

Figure 77 - Geometric Parameters of
Helical Spring

€

~ o~ HELIX

: ﬂ
' 7

1/%

The bending and twisting of the wire:
around the right circular cylinder
gives rise to the following relation-

ships between:

1. The internal torque in the

wire, T

2. The internal bending mo-

ment in the wire, M

3. The unit twist in the wire,

a

4. The radius of curvature of
the wire,f), associated with
the moment, M (the sub-
script zero refers to initial

unstressed conditions):

1 M 1
= = ==+ =, (121)
P EI ,00
and
_ T
a = j.ﬁ‘f‘ ao . (122)

Note: Right-hand rule for moments

The following derivation gives the relationship of the helical-

spring geometrical parameters R and 6 to a.

Problem:

Determine the unit twist required to keep a longitudinal filament

of the round wire of a helix spring in contact with the cylinder

enclosed by the helix for any given helix angle and radius.
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Definitions:
<
& Y ’g R = radius of helix
< -
—_ —_ J
- ~ _ %4 ® = helix angle
EC is a line in a plane tangent to the
helix cylinder and perpendicular to
the helix.
E :
A and C are two points on the helix,
Analysis:
The total twist of the helix between
points A and C is the angle, @, de-
fined by the angle EC makes with the
q plane perpendicular to OA as g ap-
proaches zero.
P A The following relations are obtained
from geometry:
True angle qCEF =0
Tany = tan 0 sin g
AE as 4 -0 singd ¢
Therefore,
- :
: Y tany = g tan 6 , (123)
and
D ¢ Rg
l- arc CA = oD (124)
Since y is the vector component of
o ) A a in the vertical direction, it follows
that
PROJECTION ON PLANE AOD tan@ = tany cos 0 . (125)
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Substituting Equation 112 into 114 gives
tand = g tan® cos 8 = ¢4 sin 0 .
For small angles
tana = a,
Therefore,
a =g sinb .

Since the unit twist is defined as the total twist divided by the
length, it follows that

. .. Q@ _ #sin® _ sin 0 cos 6
unit twist = ¢ E CEA R R .

COs 6

Q)

The following derivation gives the relationship of R and 6 to P -
Problem:

Determine the radius of curvature,
p, in the helix wire at point C on
the helix. Point C is where plane -

A is tangent to the helix

j,.l.
R Analysis:
y

The projection of the cylinder on

S
-2t z ! . .
/ @ b plane A results in the ellipse shown

/__\ here. The radius of curvature in -
\“ x general terms is given by

' 3/2

‘ ./ 12

Q+y )

= P = T

cosog ° y
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For the ellipse of the above sketch,

and

_ - X
p = > . (127)

Evaluating the radius of curvature at point C for x = 0 gives
_ az _ R
P -5 =

cos ©
(3) Elastic Characteristics of a Helical Spring

Ngte: Right-hand rule for moments

P EOR

R radius of helix

R = radius of helix for unstressed state

L = length of helix

L = length of helix for unstressed state

! = total length of wire in helix
® = helix angle

6 = helix angle in unstressed state
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NOTE:
R.H. RULE FOR MOMENTS

Figure 78 - Elastic Characteristics of
Helical Spring

-222-

E

G

= helix rotation about of cylin-
der

= helix rotation, unstressed state

= internal torque in helix wire

= internal bending moment in
helix wire

= external load applied along he-
lix

= external torque applied along
helix

= moment of inertia of wire cross
section

= torsional stiffness factor

Young's modulus

= shear modulus

In the following analysis of the elastic

characteristics of helical springs

(see Figure 78) the following assump-

tions are made:

1.

The helix is constructed from a
wire having a constant symmetri-
cal cross section with a bending
stiffness, EI, and a torsional stiff-

ness, JG.

Deflections caused by axial and

shear energies are negligible.

The external loads, Xl and XZ’
are applied and reacted by infi-

nitely rigid brackets.
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From Equations 121, 122, 126, and 127, the relationships be-
tween the internal force system in the wire and the geometry of
the helix spring can be found be substituting Equations 126 and
127 into Equations 121 and 122. The result is

(cos2 6) 1

and

(129)

T = JG(ﬂn_Q_C.O_S__e) - a

R

Application of the external loads X1 and X2 will cause the stress
state in the spring to go from its initial unstressed state to some
other equilibrium stress state. Equations 128 and 129 can then

be written

2
2 cos ©
M = EI(COS ° . °), (130)
R R
\ o
and
sin © cos 0O sin 60 cos eo
T = JG R - R . (131)
o

Statics give the following relationships:

Tcos® M sin ©

X, = R - R (132)
and
XZ= T sin® + M cos 0 . : (133)
Solving Equations 132 and 133 for T and M gives
M = X2 cos O -XIR sin 0 , (134)
and
T =X, cosG+X1R cos O . (135)
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Substituting Equations 134 and 135 into Equations 130 and 131 and

solving for X1 and X, give the following equations:

1 R R - R R R R ’

sin @ cos 6 2 cos2 ]
X = GJ cos 6 <sin 0 cos O o) ° o> - EI sin 6 [cos”~ © _ 0o
o)

é.nd

sin O cos O sin eo cos eo cosZ 0 COSZ eo
X, = GJ sin 6 R - Ro + EI cos 8 R - R

(137)

XI and XZ can also be written in terms of L and ¢ with the aid of

the following geometric relationships:

sin ©

cosG=l-% ,

and

R fcose.

Substituting the above felationships into Equations 135 and 136 gives

1 ' 1

- Gt Bl -G T o[-

(138)

and
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(139)

Since both X1 and X2 are functions of the same two independent

variables, L and ¢, the total differentials of X, and X, are

0X 0X

ix, = —Lan+ —Lag, (140)
oL g
and
axz axz
dX, = —=dL + —=d4 . (141)
oL od

The stiffness coefficients are defined as

K = -

11 oL

K12= = K =

and

K
22 o4

Performing the partial differentiation obtains the following equa-

tions for the stiffness coefficients:
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(143)

2 2
GJ /L El L
KZZ = T(T) +T[l - (7‘) ] . (144)

When converted to functions of R and 6, Equations 142, 143, and
144 are given by

‘ 2

GT 2 . El / 2 . R cos eo\l t1AEN

Kll = -——ECOS g ~ CcCOs v "R_'_Z— ’ \27xuy
IR IR O cos ©

K. =K _GJ Zsinecose_smeocoseo -

12 = 721 © R Ro '
EI[2 sin 0 cos 0 _ sin 6 cos eo cos 90 , (146)
! R R0 cos 6
and
K22 = % sin2 0+ %—lcosz 6 . (147)
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(4)

Evaluation of Helical-Spring Stiffness Characteristics for the Un-
stressed Condition; LO = 0, eo =0

The helical-spring characteristics of the most interest are those

at an equilibrium length, L. This deflection of the spring results
from the gravity-gradient attraction on the damper mass. There-
fore, with 60 = 0, sin eo = 0, and cos 60 = 1, Equations 146 and
147 reduce to the following equations, where the subscript "e" de-

notes the extended equilibrium position:

2

cos ee sin 0 _ [cos Oe 1
= i - E . - —
X1 GJ —R—z— (sin Ge cos Oe) I R R R
e e o
(148)
and
sin ee : cos2 ee 1
XZ- = GJ Re (sin Be cos Ge) + EI cos Oe —-f{;_ - -R-:
(149)
X, = 0 for the gravity-gradient equilibrium condition. Solving
Equation 149 with X2 = 0 gives
R
o) EI
-— = . . 0
R (150)

e GJ sin'2 06 + EI cos2 0
. e e

Substituting Equation 150 into Equations 145, 146., and 147 with
sin 8 = 0 and cos 6 = 1 gives the following equations for the
spring stiffness coefficients at the gravity-gradient equilibrium

length:
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Bxl
11T \5L

C‘rJ(cos2 6 + ‘can2 0 )+ EI sin2 0
e e e

2
,eR_Z &J sin2 6 + cos2 0 )
o e e

\EI
= 1) S (151)
IR B
¢
0x, 0x,
KIZ = KZl = 3}1{ = aL
e e
i GT - EI 2 sin Ge cos ee . EI am 6
Ro’e GJ sin2 6 + cos2 4] Ro7 €
EI e €
= f GJ . {152
T N129R {152)
o
BXZ
Kyp = ';{"
e
GJ 2 EI 2
= <——gin O + ==cos ©
7 ° A
_ GJ
= sz ) | (153) 3

A plot of the spring stiffness coefficients is shown in Figure 79.

(5) Helical-Spring Parameters for Unstressed Helix Angle 90 =
0 Deg

Equations 138 and 139 can be factored into the form shown below,
if = GI/EI = 0.77 for round steel wire.

-228-



SECTION III

GER-11502

Subsection Three - Stabilization and Orientation Systems

hake

st

[pEpy %

LRSS

SRR HET

S Saptn ppen.

Ties bean e
trivi4 =g
PSS Prigs

Tras
SR

-
i

S

SRR

4

L4

—ten

jod

eyt e
e vq

SThan

poudd

H et e

Sgege Pyt

JeSge

et

SEORE SPEOp foe

icients

Figure 79 - Helical-Spring Stiffness Coeff

-229-



SECTION III °

Subsection Three - Stabilization and Orientation Systems GER-11502
L
¢ )2 42 ¢ 2| “
X, = QJ 2 = -1 -9 - l—‘.) , 54
1 (x S A 4 e
and )
L -1
g{o L 2 1 ’z{o L 2 : g‘o L 2 ’
Xf“(x*)f;(ﬂ gy #p(F) g -F - (7)
. J
(155)

Equations 154 and 155 can also be written as

2
Xl = GJ(T) al (156)

and

2o
X, = G )2 (157)

a; and a, are defined by Equations 154 and 155. The graphical

presentation of X XZ’ ag and a, is shown in Figure 80.

1’
(6) Stress Parameter Relationships for Helical Springs Made from
Round Wire with Unstressed Helix Angle 90 =0

The torsional shear stress, fs, in the wire is given as

_ Td
£, =55 - (158)

The bending stress, fb’ in the wire is given as

szd

b =T (159)

Equations 130 and 131 yield equations for T and M as follows:
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2
M = EI<_§_@RL) (160
o
and
T = 2G Ssin 0 cos 6 (161)

R

Substituting Equations 160 and 161 into Equations 158 and 159

yields
£ = %}sinecose, (162)
and
dE cos2 6 1
fb:T__R_-_R—/' (163)
o

. dGL
.= 2‘5 (164)

2%

and
{ z ]
2

AR [ T,\Z]" , _
(165)

e
o
!
1
|
©
L
1
N
>
| S
]
S
(o]
\'"—W

When written in nondimensional form, Equations 164 and 165 are

e e

and

2R _f 2
ob _ i‘_ (& =
—5 =1 - 1 (1> = A, (167)
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Ie

The stress parameters given in Equations 166 and 167 are shown

graphically in Figure 80.

Optimum Tuning and Energy Dissipation of Rice-Wilberforce Damper

Optimization criteria that determine best values for the damper pa-
rameters were developed under assumed limits of total damper
weight, maximum outside dimensions, and other constraints imposed
by payload capability. Optimization is achieved by setting the nat~
ural frequencies of the two modes of damper articulation to lie at
certain discrete frequencies that will be excited by satellite libra-
tions. The spring constants, masses, and inertias of the damper
are selected to give the discrete frequencies at which maximum rates
of energy dissipation will occur. The rate of energy dissipation in
each of the two modes is adjusted for a compromise between high
maximum rates of dissipation over a narrow band of frequencies and
low maximum rates over a broad band of frequencies. The lossy ele-
ments of the damper, including the mechanical hysteresis of the
plunging mode of the spring and the viscosity of the fluid in the tor-

sional mode, are the parameters selected to give this compromise.

The analysis indicates how the usual low rate limitation of viscous
dampers in gravity-gradient systems is overcome by the high articu-
low angular rates of satellite libration into relatively high rates of

motion of the damping elements.

A schematic diagram and definition of symbols used for analysis of

the .Rice—Wilberforce damper are shown in Figure 81. For an analy-
sis of optimum tuning and energy dissipation, it is convenient to work
with rates of displacement as the basic variables, since the dissipa-
tive elements of the damper are treated as rate sensitive. The damper,
when in orbital deployment (but neglecting spring libration angles), is
described mathematically by the following differential equations of

motion:
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T <
L.

K, = EQUIVALENT HYSTERESIS

VISCOUS COEF FICIENT —_—

-
-
o

v
'y ~—» "2
\ 4
y ///////f////////(/////////// &
:I m
/ A re=r, =X
Kg = viscous COEFFICIENT * o

Ny Y=Yty

D = DRIVING FORCE APPLIED TO DAMPER BY SATELLITE

KZ = EQUIVALENT HYSTERESIS VISCOUS COEFFICIENT IN PLUNGING
m = TOTAL MASS OF DAMPER

M = MASS OF SATELLITE TO WHICH DAMPER IS ATTACHED

i = INERTIA OF INNER MASS

| = INERTIA OF SHELL

K, = PLUNGING SPRING COEFFICIENT

K, = TORSIONAL SPRING COEF FICIENT

K = CROSS COUPLING SPRING COEFFICIENT

K. = VISCOUS TORQUE COEFFICIENT
Y_ = ROTATION OF TIP MASS

1//3 = SLIPPAGE ANGLE iN VISCOUS DAMPER
1,’14 = ROTATION OF iINNER MASS = 1[12 + ‘/’3

mM
M+m

31
1]

Figure 81 - Schematic Diagram and Definition of Symbols for Damper Analysis
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_ 1 — 1. K4 .
mp+K2+5K1-3mwo) x+—};—¢2+0§04=D, (168)
K4. K3 . .
- Xt Isp+K6+-—-p— WZ'KG)V{L:O’ (169)
and
0x - Kéwz +(I_p+ K6)1ﬁ4 =0 . (170)

Note that the derivative of a variable is symbolized by either the
Heaviside operator, p, preceding the variable or by a dot above the
variable. In addition to other constraints, all which are developed
later, spring parameters in the equations are constrained as fol-
lows:
3me02 . _ 2 .

K1>—m-—m—= 3mwo ; (171)
that is, the negative spring constant contributed by gravity-gradient
and centrifugal force must not be permitted to overpower the real
positive spring constant, Kl’ of the plunging mode of the spring.

Also,

< .
K, = 0.34\/K1K3 ; (172)

that is, the physical characteristics of the spring such asrmodulus
of elasticity, helix angle, and other factors, constrain the maximum
cross-coupling that may be obtained. A mechanical impedance dia-
gram for the equations of motion is shown in Figure 82. Figure 83
is an alternate representation that has been obtained by the applica-
tion of Thevinin's network theorem to the mechanical impedance dia-
gram of Figure 82 at points a and b. Thevinin's network theorem
permits the replacement of any portion of a network, no matter how

complicated that portion may be, by a single source of driving force
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and a series source impedance. The driving force is that seen when
looking into the portion to be simplified, when it has been separated

from the rest of the network. The source impedance is that seen

~when looking into the same portion when all the driving forces are

replaced by short circuits.

Figure 84 is a final version of the mechanical impedance diagram

obtained under the assumption
I > —. (173)

Certain observations can be made by inspection of the various im-
pedance diagrams. Figure 83 shows that the spring coupling coeffi-
cient, K4, between the plunging and torsional modes of the spring
should be maximum if maximum excitation of the torsional mode is
to be achieved. Remember that D represents the driving force or
irbing force applied to the damper by librations of the satellite.
D' is the portion of the driving force that couples directly into VIZ

This coupled force is obviously maximum when K4 is maximum, as

shown by the expression for D"

K,D
D = 4 : (174)

— 2 — Z
K1+mp -3m(.oo +K2p‘

The intuitive insight that K, should be as large as practical is thus

4
confirmed analytically, giving

K, = 0.34,/K1K3 . (175)
opt

The development of the optimum tuning requirement by application

of impedance matching principles to the circuit of Figure 84 will now

be continued. As previously stated, optimum tuning can be viewed

as an impedance matching problem in which the source impedance is
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set equal to the cdnjugate at the load impedance. A Note, however,
that the load impedance K6 is a pure real numeric and the source
impedance is essentially a pure imaginary if the rather light dissi-
pative term for the equivalent viscous effect of hysteresis is ignored.
Therefore, the tuning criterion is obtained simply by equating the
source impedance to zero and solving for the resulting values of

spring constants and inertias. Thus, the tuning criterion is:

— 1 — 2
K4|Enp+K2+P(K1 - Ky - 3mow )] ‘ K3 - K,
:l"Isp'l-——T— = 0. (176)

mp2 + K2 + K1 - 31‘1’1(4)0

After considerable manipulation, and neglecting K,, Equation 176 be-

comes

2 — 2 _ 2 2 _
‘(K3 + Isp ) (Kl + mp -~ 3m(.:.)0 ) - K4 =0, (177)
which is a somewhat more convenient statement of the optimum tun-

ing equation of the damper.

Equation 177 is of fourth order in the variable p with odd-order pow-

ers of p miséing. Thus there are two pairs of complex conjugate

damper. These natural frequencies are, of course, related to the
isolated plunging and torsional modes of the damper, depending on
the magnitude of the cross-coupling coefficient K. If the cross-
coupling term K4 is set equal to zero, the two isolated or uncqupl'e'd

natural frequencies of the damper can be seen:

w = -, (178)
ntorsion s

and
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K1 - 3r‘ﬁ(.oo2
w = . (179)
n . -—
plunging m

" It is convenient to analyze the coupled natural frequencies that are
the solution to Equation 177 in terms ‘of the uncoupled natural fre-
quencies. This has been done analytically, and the results are
shown in Figures 85 and 86. Figure 85 is for.the case of a spring

helix angle of 30 deg, where the cross-coupling ig given by

K4 = 0.34\/K1K3 )

and Figure 86 is for the case of a helix angle of 17.5 deg, where the

cross-coupling is given by

K4 = 0.20‘/K1K3 .

It may be shown that when large values of fluid damping coefficient
K() are embployed, and for which the assumption of Equation 173 does
not hold, the optimum tuning Equation 177 must be modified to in-
clude the reflected inertia of the inner member of the damper. The-
modification takes the form of substituting a new value, I for I

into these equations. The new value is

I¢1 + 6 m (180)
s s '. :

Use of the optimum-=-tuning Equation 177 requires specifying the dis-
crete frequencies at which the Rice-Wilberforce damper is to ac-
cept the 1ibrationa1 energy of the satellite and dissipate that energy
in the damping fluid and the hysteresis loss coating of the helical
spring. Specifying the frequencies requires examination of the lib-
ratiénal frequencies of the satellite and the manner in which the lib-
rational motion excites the Rice-Wilberforce spring. Basically,

the spring is attached to the satellite by means of a long gravity
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gradient boom, so there will be tension forces in the spring due to
centrifugal and gravity-gradient forces that excite the plunging and
torsional modes of the damper. First, consider the centrifugal
forces in the spring due to the orbital-plane or pitch-axis motion of
the satellite. In the presence of pitch-axis librations, the total
angular rate of concern is orbital rate w plus pitch libration rate d.
The resultant centrifugal force producmg tension in the plunging mode

of the spring is proportional to

(w, + % = (181)
Consideration of Equation 181 shows that tension forces in the spring
due to centrifugal effects of pitch-axis motion are periodic at both
the fundamental and second harmonic of the satelhte natural fre-
quency in pitch plus a zero frequency or steady component. Cen-
trifugal forces due to roll-axis or traverse-plane librations can be
shown to contain a zero-frequency term plus a second harmonic of
the roll-axis natural frequency. However, there is no component

of tension in the spring due to roll librations that are periodic at the
satellite-roll natural frequency. Thus there is a significant differ -
ence in the frequency composition of tension forces in the spring be-
tween these due to centrifugal forces of pitch librations and those due
to centrifugal forces of roll-axis librations;_i. e., the pitch librations
cause both fundamental and second harmonic terms that excite the
spring, whereas the roll librations generate only second harmonic

terms in the spring tension.

The discussion of the frequency composition of forces that excite the
Rice-Wilberforce spring has emphasized so far those forces origi-
nating by centrifugal action. However, equally important are the
forces in the spring which arise from differential gravity. It can be
shown that the spring tension forces due to gravity gradient are peri-
odic at twice the satellite natural libration frequencies. Recall that

tension in a rod connecting the two masses of a dumbbell satellite is
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Figure 85 - Determination of Rice-Wilberforce Damper Parameters -
Helix Angle = 30 Deg
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—_ Figure 86 - Determination of Rice-Wilberforce Damper Parameters -
Helix Angle = 17.5 Deg
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periodic at twice the libration frequency of the dumbbell. Thus there
is excitation of the Rice-Wilberforce spring at the second harmonic
of the satellite libration frequencies because of both centrifugal and

differential gravity forces acting along the plunging axis of the spring.

In summary, pitch-axis librations excite the spring tension at both

the fundamental and second harmonic of the pitch axis, whereas, in
the case of roll, tension forces in the spring are periodic at only the
second harmonic of the roll-libration natural frequency. The damper,
of course, can dissipate no energy associated with any steady or zero-

frequency forces.

Therefore, the damper tuning frequencies chosen must be constrained
somewhat as follows. For damping of the roll-axis librations, either
the plunging or torsional mode can be tuned to the second harmonic
of the roll-axis natural frequency. There is somewhat more free-
dom in suppressing pitch-axis librations, with the choice of tuning
either the plunging or torsion mode to either the fundamental or sec-
ond harmonic of the pitch natural frequency. If certain practical as-
pects are considered, such a minimizing spring length and maximum
spring stiffness, then the plunging mode should be tuned to the sec-
ond harmonic of the satellite roll-axis frequency and the wind-up
mode of the damper should be tuned to the pitch-axis natural fre-

quency of satellite libration. Alternative choices can also be made.

Another practical consideration could be that of reversing the gyro-
scopic precession torques of the damper as frequently as possible.
This considefation leads to tuning the plunging mode‘ to the second
harmonic of the pitch-axis librations and the torsional mode to the
second harmonic of the roll-axis librations. The latter tuning is not
- possible for large cross-coupling coefficients of the Rice-Wilber -
force spring, where the helix angle is in the region of 25 deg or more.
However, if a low helix angle in the region of 15 to 20 deg is used in

the spring, such tuning is possible. Figures 85 and 86 give insight
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into this constraint on the physically realizable tuning frequencies.
In general, if spring cross-coupling is increased by employment of
a larger helix angle of the spring, then the two mode frequencies are

constrained to be farther apart.

The influence of the fluid viscosity and the hysteresis loss of the cad-

mium-coated spring is as follows. It can be shown that the energy

' dissipation rate or power loss in the damper fluid is

where

A
i

6 fluid drag torque coefficient, and

W - ¥

slip rate in the damper.

Similarly, the energy dissipation rate in the hysteresis of the cad-

mium coating of the spring is

° 2
WH = KX, o (183)
where
K. = the equivalent viscous coefficient of the
& . .
cadmium coating, and
X = rate of spring deflection in plunging.

The expression for K, used for analysis is

bK_1
Ky = 357 (184)
where
b = fractional energy loss per cycle of plung-
ing of the spring,
K1 = plunging spring constant, and

€
n

plunging frequency.
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Note that Equation 184 is valid at one frequency only, but, where the
plunging mode is exicited dominantly at a single discrete frequency,

this expression holds relatively well.

Equations 182 and 183 are very complicated if the very complex ex-
pressions required to solve for (V}Z - 1&4) and X are considered. No
direct analytical calculation of power loss of the damper was there-
fore made. However, analog computer runs, including the damper
dynamics for determining (W %) and X, were made, and power
dissipation was studied as a function of frequency for a fixed value
of K, and various values of K6' These curves are presented in Fig-
ure 87. Note that K2 and K6 determine the band width of dissipation
capability but also higher maximum peak values of steady-state dis-
sipation. Conversely, larger values of K6 increase band width of
dissipation capability at the expense of reducing the maximum rate

of dissipation.

Thus the parameters K2 and K, are very important and must be prop-
erly related to the tuning tolera.nces. Too low a band width makes
the damper susceptible to failure due to a slight damper mistuning.
Conversely, too broad a band width reduces the damping capability

of the system. At the present time, the optimum trade-off of these
iwo faciors ic believed to be in the region of values of K, and K,,
giving approximately 0.1 of critical damping in their respective

modes.

The influence of payload weight and space limitations on damper op-
timization is as follows. For an operational satellite with, for ex-

ample, a 1000-1b payload limit, it is reasonable to allow .10 percent
for gravity-gradient damping purposes, which gives a total mass of
the damper of 100 lb. The parameter M/(M + m) thus becomes 0. 9.
Assuming further that the maximum outside diameter of the payload
container can accommodate a damper no larger than that of a disk

with a radius of 18 in., for an orbital altitude of 2000 naut mi and

=249~



GER-11502

Systems

Frequency

ion

4 We

Excitat

ion versus

AW,

FREQUENCY RAO/sgc.
t

issipa

2 We

SECTION III

T T T T T T T 198 saser
-4 ¥ b bl 1 11T Y T .0 1+
13T t HiT i T
I 1 b g T i +H4+H
t 8/ nasay
e HEH
saEss
I ¥ /!
i
T + 1 1
} T Y
1 t
+ T
Besem H
T T T ; T
ERss: 1 Hd T T
i T F 3243 Gab T i i |
T
T T ; T 7 T : 9 7
et t T T \
t il X
T T % 2
3 1 T oo
+E s 288 pnas T T < b T T szt
THiT b T ta o o H
— ™ Taan > 1 I T !
- poe boo 2 womni St s
Ssisasss T pEETIRY T Sas 1 hyn jos o T L T !
Tt T T X i paunn oSS L uhH Y =
St Y =
T T ey be.
essssees: ;i = S3speyryessy
T + % ot A e =2 Raasds
o T Q0 \'fll) < —
- ) et v — T
T T . : 7 T
T zcom Ol T el T T 1
T : Ao e eey) P ; 2551 == T : ;
22 ] { T
o ! Peseales.sous. i gh t t =5 1
> T 1 T
7
e s | T T T X T T
T h o Shned 1 Ne 1= | ¥ T = 5
s 13 . Jonp b 45 Boi. S H11 1 T it T T
. + y}
T Fotnatemy. ] e - + b +
x" T - g et T I
T = o T }
> B 1
2 1
1 t
b S et
b
I It -
- -
3 t SEaags T
Ny B T | A B
vy < 1
et 24 A t 5
g - ok H
b } T TN IS
T 55! TN TG
L o a 15 1%
bast RS s gy ++
1y é s ol ™ " i Iﬂm
ok = e 28
—X 1
s NEEEEETE & Woins -+ N
u foss, i )
T T pee gt o mpp! . \H 3
e b —— o ~ 9 14
X - NEHITHE
£T3P! Toh
sebe] . M s TN posi H
W S RN
3 B : S pgums
iH o 11134 fa!. HH
] 1 TN Y
pe T SEEICE: NI
> : 13t BTN gsass
2 gy - Hi =8 ‘ny HiH
o I 3 N HEH
A ¥ J13sEERizs 1 .,ﬂ ﬁx H
BRES H H s (Y
B3 11 g

Subsection Three - Stabilization and Orientation

Wy

Figure 87 - Relative Steady-State D

-250-



SECTION III
Subsection Three - Stabilization and Orientation Systems GER-11502

jo

an orbital rate of w, = 6.2 X 10_4 rad per second, the total tip
mass inertia becomes 50 lb-in. -sec squared. Also, in attempting
to make Im as large as possible and yet holding the total tip mass
inertia to no more than 50 lb-in. -sec squared, the best design could
achieve a shell inertia of no less than 6. 25-1b~-in. ~sec squared and
an inner element inertia no greater than .= 43.75 1b-in. -sec

squared.

Transient Response Studies

(1) General

Transient response studies were made to determine the damp-
ing capability of the Rice-Wilberforce damper in supressing
librations of the satellite due to initial condition errors at the
time of satellite deployment. The dynamic equations employed
were those presented in Item 2, b. Various satellite configu-
rations and Rice-Wilberforce damper tuning conditions were in-
vestigated. The equations of motion were simulated at the GAC
analog computer facility, Akron, Ohio, and digitally at Philco-
WDL, Palo Alto, Calif. The equations used in both simulations
were derived using LaGrange's method. However, two basic

differences should be noted:

1. ‘I'ne digital simulation solved ilie Luitupiéie 5&t
of equations consisting of eight degrees of free-
dom. Higher-order terms were neglected, and
linearizing assumptions were made with re-
spect to the trigonometric functions of some of
the angular displacements to reduce the com-

plexity of the simulation.

2. The analog simulation was simplified to five
degrees of freedom in each case studied,
namely, pitch and roll. This assumes each

axis is decoupled from the others, which
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appears quite satisfactory for pitch but is
questionable for roll, particularly with re-
spect to yaw coupling. The analog simulation
maintained the trigonometric functions and
the higher-order terms for the less-complex
five-degree-of-freedom equations. Follow-
on studies are planned to simulate all eight

degrees of freedom on the analog computer.

In general, results of the two different simulations corroborated
one another. The digital simulation made at Philco, however,
was performed before the optimum tuning criteria of Item 2, c
were developed and thus the digital simulation has no great sig-
nificance so far as optimum tuning of the Rice-Wilberforce damp-
er is concerned. Conversely, the analog simulation has investi-
gated the transient performance under the conditions of optimum
tuning of the damper; therefore, the analog simulation results

are presented first.
(2) Analog-Computer Simulation of Transient Response

Analog computer runs were made of the settling out of various
initial-condition errors of the lenticular satellite for different
1o of the Rice-Wilberforce dampei. Tue fullow-

ing equations for pitch, roll, and spring-mass-damper degrees

of freedom were simulated on analog computers:

Spring-Mass-Damper
LY+ LY, + K6w3 =0, (185)
1V, - KW + KV + KW + Kyr -x ) = 0, (186)

—_ . —~ 2 - 2
mr + K,r + (K, - 3mw_ ')r + K4w2 - 3mw_ "L+ C =0 . (187
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— 2
where C = 3m(.oo (L + re) - Klre'

Pitch Plane

Ly, +1 ¥, + K.Y, =0, (188)
1Y, - KW + KWy + KW + Ky(r -1 ) = 0, (189)

rTn-+K r + (K, - 3mw 2c2¢ - 2mw ¢ -E¢.2)r+

2 1 o 2 o2 2
K.Y, - ML, (20, +,)C@, - §,) + BLY S, - B)) -
_ 2

3mw “LCP CP, + C = 0 , (190)

r§, + LG Cl@, - B)) + 28 (0, + §,) + L, (2w +§,)S(9, - §)) +

3“’02(LC¢1 + rc¢2)s¢2 =0 , (191)

(BLZ + 1), + 3w02(1§ - 1)C¢, S + 3Fw, “L(LCP, + rC¢y)Sg, +

2mw LiCl¢, - @) + ML(2i$, + r$,)C(P, - ¢) +

mL(F - 20, r$, - r6,7)5(9, - $,) = Lo, . (192)

Roll Plane
LY+l UKW =0, (193)
1Y, - K6¢3 + stﬁz FPEW  Ky(r-r) =0, (194)

—_ . - 2.2 _— 2 2
mr +K2r + (K1 -4m(uo C 02 +mwo -mez )r +K4¢2 -

— 2 .
mLe1 C(G2 - 91) + mL618(62 - 61) +

— 2 -

mw L(-3C91C62 + SGISGZ) +C =20, (195)
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" .o . L] . 2
rGZ + LGIC(GZ - 61) + Zre2 + LG1 S(e2 - 91) +

2 2 i
w, (3LC91 + 41‘C92)S92 tw, LCGZSG1 =0 . (196)

_ 2
+mwoLX

—.2 X 2 :
(mL"™ + Ié)el + 4wo (17) - é)celsel

(4LC61 + 3rC62)SG1 + ﬁL(Zre2 + rOZ)C(G2 - 61) +

mL(r - réZZ)S(GZ - 91) + rTm)OZLrCBISOZ = LO1 . (197) -
Initially, servo resolvers were used to develop the desired trigo-
nometric functions, but they caused the simulation to be unstable.
This effect has been noted in other simulations of lightly damped
systems. The functions were then developed using electronic
multipliers and representing the sine and cosine by the first two
terms in their respective series approximations. The resulting

simulation was stable without noticeable loss in accuracy.

Table XIX shows the varying conditions used in studying the tran-
sient response for the analog-computer runs in Figures 88 through
99 for Cases I through VII-B. Figure 100 is the relative power -~

dissipation curve for Case IV.

Cases I and II both confirm the damping capability of the damper -
in suppressing pitch librations when the spring plunging and t'or-
sion modes are near the fundamental pitch natural frequency. No
roll damping, however, is provided for in this tuning condition.
Case IIl is a somewhat more optimum tuning condition, where
some use is made of the torsional mode but not maximum advan-
tage of the tuning possibilities. Cases IV-A and IV-B show the

damping capability of the Rice-Wilberforce damper when the

plunging- mode of the spring mass combination has been tuned to

twice the fundamental natural response frequency of the satellite

»
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Figure 88 - Analog-Computer Run - Case I
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Figure 89 - Analog-Computer Run - Case II
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Figure 90 - Analog-Computer Run - Case III-A
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Figure 97 - Analog-Computer Run - Case VI-B
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(3)

roll axis, and the torsional mode of the spring and rotational
inertia of the damper have been tuned to the fundamental fre-
quency of the satellite pitch axis. Cases V-A and V-B are for
an alternate tuning condition in which the plunging and torsional
modes are tuned to twice the natural frequency of the pitch and
roll axes, respectively. These cases correspond to a relatively
stiff short spring and have the advantage of having the gyroscopic
precession of the damper disk go through approximately four full
cycles per orbit, thereby reducing the tendency of the damper to
precess out of the horizontal plane. Cases VI-A and VI-B show
the capability of the purely lossy spring and tip mass damper
when the plunging mode is essentially resonant to the pitch-libra-
tion frequency but with no use made of the torsional mode, thus
not being able to achieve a damping capability in the roll axis.
Cases VII-A and VII-B show the benefit made possible by utiliz-
ing the torsional mode of the lossy spring-tip ma.és damper as
well as the plunging mode. The torsional mode has been tuned
to the pitch frequency and the plunging mode has been tuned to
twice the roll frequency of the satellite. Note that, in all the
cases shown here, hysteresis loss in the spring was simulated
in the plunging mode to complement the fluid damper in the tor-
sional mode. If this hysteresis loss were not preseni, ile saiei-
lite oscillation associated with the plunging-mode tuned frequency

would exhibit poorer damping.
Digital-Computer Simulation of Transient Response

The full eight-degree-of-freedom equations of Item 2, b were
simulated on the TRANSAC 2000 digital computer at Philco-WDL,
Palo Alto, Calif. Twelve different cases were run with varying
initial errors in pitch and roll attitudes, varying satellite mo-
ments of inertia corresponding to different types of satellite wire
film material, and varying tuning arrangements of the Rice-

Wilberforce gravity-gradient damper. These runs were made
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Figure 99 - Analog-Computer Run - Case VII-B
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before the optimum tuning theory of Item 2, d was available and
hence do not show optimum performance. In fact, many of the
runs are for cases where the Rice-Wilberforce damper is badly
mistuned. Nevertheless, the runs do verify the feasibility of the
damper with respect to damping pitch librations. They show that
roll librations can also be damped by using hysteresis losses in
the spring to dissipate energy rather than using body axis cross-

coupling to direct energy into the pitch plane.

Additional runs will be made at Philco, using the optimum tuning

theory of Item 2, e.

The data and curves generated at Philco are much too prolific to
publish in this report, but are presented in a separate report,

Reference 13. However, a summary of the most significant in-
formation obtained from the &igital simulation is presented here

in Table XX.

f. Steady-State Response Studies

(1)

-272-

General

A knowledge of the steady-state response of the GAC lenticular
satellite to solar pressure torque and orbital eccentricity is nec-
essary to determine the magnitudc of the libration angles from ’
the vertical and also to determine whether there is some critical
combination of initial conditions and steady-state disturbance
torques. The derived solar torque equations show that the solar
torque forcing frequencies are at one and two times orbital fre-
quency, while the eccentricity effect appears at approximately
orbital frequency. The critical nature of this problem is brought
about because of the closeness of the satellite-libration natural

frequencies to these forcing frequencies.

The effects of eccentricity on pitch attitude dynamics were studied

with the GAC analog simulation referred to in Item 2, e, (2). The
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11502

:SPONSE - EIGHT DEGREES OF

FREEDOM

iper configuration

' Coupled In}nal Se.ttlmg
ng . attitude time
mode frequency
(multiple w ) error constant
s o (deg) (orbits)
h) Plunging | Torsion | Pitch | Roll | Pitch | Roll Notes/conclusions
2.717 1.68 25 2.7 Confirmation of good pitch
. o transient response for all
2
sis =10 1.735 25 types of damping. Fluid
2.717 1.68 25 2, damping better than hys-
teresis. Best response
obtained when both types
of damping were used si-
multaneously
2.717 1.68 25 ~25 Roll response poor with
sis 2 76 1 735 25 -4 0 fluid 'damplr.lg: effective
only in torsional mode.
Roll response much bet-
ter with hysteresis damp-
ing used in both torsion
and plunging modes of
damper
2.717 1.68 0 25 -25 Response comparable to
photolyzable response
2.717 1.68 25 ~25 Effects of increased
2 717 1 68 25 ~35 asymmetry inconclusive
2.717 1.68 25 ~2.7 Asymmetric satellite ap-
2717 1.68 0 25 ~40 pears to have better dam.p-
ing in roll than symmetric
satellite. Body-axis cross-
coupling can enhance the
roll damping
3.47 6.43 25 0 6.5 Roll response unacceptable.
Pitch response poor. Tor-
3. 47 6.43 0 25 3 ‘sional mode mistuned.
Plunging mode tuned cor-
rectly, but no hysteresis
damping used to remove
energy

s simulated with 25-percent power loss per cycle effective at the coupled-mode
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TABLE XX - DIGITAL SIMULATION OF LENS AT TRANSIENT RE

Satellite configuration Darr’
Inertia Type
Satellite inzertias ratios dampi
(slug-ft“) 1 itch 1 itch {Fluid
Run Lens I I —IP— p’ hysteres
No Purpose of run material pitch roll yaw roll yaw or bot
101 Comparison of pitch Photolyzable 915, 739 879,815 | 122,091 | 1.0408 | 7.5005( Fluid
102 i;’:;;";;&;‘fﬁ;s&f}"f Photolyzable 915,739 | 879,815 | 122,091 | 1.0408 | 7.5005| Hystere
103 figurations with 4- Photolyzable 915, 739 879,815 (122,091} 1.0408 | 7.5005| Both
percent satellite asym-
metry
104 Comparison of roll Photolyzable 915,739 879,815 | 122,091 | 1.0408 | 7.5005| Fluid
105 ‘:3"j‘fi3‘d;zs§;"s‘se Photolyzable 915. 739 879.815 | 122.091 | 1.0408 | 7.5005| Hystere
teresis damping with
4-percent asymmetry
106  Roll transiemrre— Unphotolyzable | 1.046, 696 11,005,650 | 377,529 | 1.0408 | 2.7725] Fluid
sponse for unphoto-
lyzable satellite lens
with 4-percent asym-
metry
107 Compare roll transient | Photolyzable 943, 789 861,959 | 122,091 | 1.0949 |7.730 Fluid
los  TEsPonEe fox photolyae |yt oryzanie | 1,067,220 | 985,126 | 377,529 1,083 [2.827 | Fluia
with increased asym-
metry (~8 percent)
109  Pitch and roll transient|Photolyzable 897,872 897,872 122,091 1.00 7.354 Fluid
110 (’ianp}‘)’i’:gea‘:;”‘S;;“d Photolyzable 897,872 | 897,872 (122,091 | 1.00 |7.354 | Fluid
metrical satellite '
111 Compare pitch and roll | Photolyzable 879, 815 915,739 | 122,091 | 0.9608 | 7.206 Fluid
tween second har-
monics of pitch and
roll
%

Hysteresis damping was used for torsional and plunging spring motion.
frequency.

An equivalent viscous damping wa
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more complete equations-of-motion program at Philco [referred
to in Item 2, e, (3)] is being modified to include solar pressure
effects. However, as these torque equations have not been

! checked out in the Philco program at this time, steady-state re-
sponse from eccentricity only are discussed in this repoft. The
‘ checkout of the Philco program, including solar torques, will be
completed in the near future, and the response of the lenticular
satellite and various Rice-Wilberforce damper configurations to

solar torques will be obtained and published as a separate report.

The solar torque equations relative to a satellite-fixed coordinate

system, including an order-of-magnitude analysis of the solar

torques, and the orbital eccentricity and its effects on the steady-

i state response are discussed in the folloWing paragraphs.
! (2) Moments Due to Solar Radiation Pressure
: (a) General

i The torque expressions presented here will be used in the
digital computer study concerned with the steady-state re-
sponse of the lenticular satellite. The method employed in
deriving these expressions is similar to that employed in

Reference 14.

The satellite configuration is subdivided into four subsys-
tems: lens, torus (nonphotolyzed), booms, and canisters.
The respective moments can be added to determine the com-
posite moment. Because of the complexity of the exact deri-
; ' vations, simplifying assumptions are made. The order-of-
magnitude analysis led to the conclusion that all subconfigu-
ration moments are approximately the same order of mag-

nitude and therefore must be included in the study.

The satellite subconfigurations and nomenclature and the
derived subconfiguration moment expressions are presented

in the following paragraphs. Also presented are the basic

-275-
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(b)

(c)

[}

solar -pressure force and moment equations necessary to
obtain the final moment equations and the earth-satellite
eclipsing logic. The general simplifying assumptions are

as follows:

1. All material is partially transmissive or
specular reflective to incident light or is
a combination of both (for example, Mylar
and wire screen). This property will be
represented by the ratio of reflecting to
total surface area, p, as defined in Refer-
ence 14 and independent of angle of inci-

dence.

2. Shadow effects of one subsystem on another

are neglected.

3. Only direct radiation from the sun will be

.considered {(i. €., no satellite or earth re-

flection is included).
Satellite Subconfiguration Moment Expressions

The coordinate systems utilized in the analysis of each satel-
ite subconfiguration along with nomenclature and solar torque

expressions are presented in Figures 101 through 104.
Basic Solar Radiation Force and Moment Equations

The basic equations utilized in obtaihing the moment equa-
tions utilized in obtaining the moment equations for the satel-
lite subconfigurations are presented here. These equations
(from Reference 14), when integrated over a particular sub-
configuration (lens, torus, etc.) surface area, result in the
moment equations for each subconfiguration, which are pre-

sented in Figures 101 through 104.

The force on an element of area for a partially transmissive

and partially speculariy reflective surface is
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I
Zg
A
n
P
— /r‘
— i
| / S [
_— / - 4 et Y
B
‘ e
A .
= RSINpdA«Rdp
— NOMENCLATURE FOR DERIVATION
Yg P' = INCIDENT RADIATION POWER PER UNIT AREA
B C = SPEED OF LIGHT
7 = UNIT VECTOR NORMAL TO SURFACE
& = UNIT VECTOR TOWARD SUN
- . dA = INCREMENT OF AREA
X_.,Y..,Z_ = COORDINATE SYSTEM

B
R = RADIUS OF CURVATURE OF LENS
1 P = INCLUDED LENS ANGLE TO ';i
: A

= POSI1IUN OF uA ACCSUT Za
- MOMENT EXPRESSIONS oy
a = ANGULAR DISPLACEMENT OF lf FROM X-Y PLANE

i

T siN 2a cos B B = ANGULAR DISPLACEMENT OF £ IN X-Y PLANE
x ac MAX - RSIN
_ °= Prmax
1
Pl 32
~ === SIN a SIN
My ac? TH Pyax SN 2 B
M, =0

NOTE:

THESE MOMENT EXPRESSIONS ARE CORRECT, EVEN INCLUDING SELF-SHADOW
EFFECTS, BECAUSE THERE ARE SYMMETRIC TOP AND BOTTOM LENSES.

Figure 101 - Lens Subconfiguration
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ey

dA = r"dp(Rt +r, COS p) dA

X NOMEMCLATURE FOR DERIVATION

P
n

RADIUS OF TORUS ABOUT ZB
r. = RADIUS OF TORUS

ANGLE OF 7] ABOUT TORUS §

]
n

MOMENT EXPRESSIONS

<
n

i
A L 2ra® sin 20 cos B

' TO OBTAIN A SIMPLER CLOSED-SOLUTION, AND BECAUSE IT IS CONSERVATIVE,
< .
THE LIMITS OF p FOR INTEGRATION PURPOSES ARE 0 - ps 180 DEG.

X 4C t
NOTE:
i
__ (2=pP 2 2 ALL OTHER NOMENCLATURE HAS BEEN
My = k=T, R SIN 2a siN B PRESENTED.
Mz =0
NOTE:

- Figure 102 - Torus Subconfiguration
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= dA (PER UNIT LENGTH) = r_dp

[ 30 o
rz)]+ e[cosa SINY_ cosd_ (SIN? 8 +2)-cosy sIN 8] +clcosa SINY_ siN un-..,w, coe

+2)] +a[cosa cosy cosd (sIN 8 +2) +SINY_ SIN 8]+c[cosa Cosy_SIN 8 +SINY, cos® & ]}

SSING SINDS ]
n n

B+y).B =|coso cosacosiB+y)+sIND_ SN a] 2

3a
n

1]

Figure 103 - Booms Subconfiguration
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NOMENCLATURE FOR DERIVATION

RADIUS OF BOOMS

HEIGHT OF UPPER BOOMS
HEIGHT OF LOWER BOOMS

ANGLE OF INCLINATIONOF UPPER BOOMS
ANGLE OF LOWER BOOMS (NEGATIVE)
POSITION OF BOOM n TO YB

ANGLE TO 7] FROM &

ANGLE FROM YB' TO " FOR BOOM n

.

3 6
M_ = .
X E Mxn()’n. any L) + E Mxn(yn9 on. LL)
n = ) n=4
3 6
M =
Y E : My Vo O L)+ 2 : My Y O LL)
n n
n = n=24
3 6
M, = 2 ; Mxn(yn, o, L)+ 2 : Mxn(yn, LA
n = n =4
WHERE
F_ L cos
FYnL Yn e yn
MX = - > + > + Fz —-—2
n n=1,23 n=24,5,6 n
F_ L F_ aSINY
" - XxXn n ‘n
Y 2 2
n
g F SiN
. Fy,0 COSO_ . v SINY,
z - 2 2
n
Az l“‘.')rli.- [ r cos ) 5 c a« . .. 20
= o — o SIN - COs SINU (LUd v
F.X * 3C Cos Un rblA lCOS n yn n yn n ' n
n
a2 -mpil. 3 2
= : 0s°8 +SINY SINO (cos®d
FYn ccosa b A[COS 7, COSY, ¢ n Ya nt n
F a2 - pP'L 3 2
= - 5 +BSINO COSO (SIN“O +2)+¢
z, 3¢ cosa_ o [A SINg, COS o, n n n

cosasiN(B+y,)
TaN"!

A= CO&;2 a SIN
Cosacos(B+y )cosa +SINASING

cosa [cosan Cos asiN 2y +B) + 2SINaSING_SIN (B+yn)]

2 +
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Zg
dA = Rc dA R COs Adp

s

L
a

7 YB

b
Xg NOMENCLATURE FOR DERIVATION
R = RADIUS OF CANISTER

|+ p = INCLUDED CANISTER ANGLE TO 7}

NOTE: ALL OTHER NOMENCLATURE HAS BEEN

MOMENT EXPRESSIONS PRESENTED.
- i ~
M =~ <
x = P Zg ™Re L SIN 2z cos 3
2 Pi 2
3§ - SIN 2a SIN
My =H ETR b B
MZ =0
NOTE:
TO OBTAIN A SIMPLER CLOSED-SOLUTION, AND BECAUSE L IS SHORTER THAN L,

THEREFORE TENDING TO COMPENSATE FOR THE GREATER EXPOSED AREA OF THE
LOWER CANISTER, THESE MOMENT EXPRESSIONS ARE ASSUMED TO APPLY FOR ALL
RANGES OF a,

Figure 104 - Canister Subconfiguration
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Ftotal dFouter surface + dFinner surface

ZPA

Sy

2{1 -p)P A "
?))2 - B c (f 7’7\)27’7\

(198)
Symbols used here and in subsequent equations are defined

in Figures 101 through 104 or in the general simplifying

assumptions.

The moments for various subconfigurations are

L
2PTA 24

— _ = - _ .2 4" . 2
.o dMy o = 7 XdFy g 5 B C (6 N X
A
(-R cos Praax X n)
or
°max T |
L ~
-— 2 ZP ~n2
M ens -f f B (E n) X
0 -7
[, N\ 2 .
(-Rcosp__ XMR" sin pdAdp (.199)
where

(-cos @ sin Bl cos d cos Bl sin @)

I> U
1

(sin p cos }\1 sin p sin)\l cos p)

2 L
—_ 2 2P A
-p T ————
1

2. ndanisters = C X
(B = O) n =
A N _ -I
& . 7L x7n)
Il n n 'nJ
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or
[~ 1
o]
2 2 2n
cans E “nz X
(B=0) = T
n=1] 2 - Pin

L 2 A
(& AT x7) x
RL2 cos7\dpd)\ (200)

" where

(0, cos @, sin @)

<D
0

(-sin7\ cos A cos cos A sin )
1 P1 P

For 8 # 0, the X, and Y, components of
B, B

are easily obtained by rotation through

" cans
B. The pz factor in the case of the canisters

is equivalent to a reflectance coefficient.

_ 3 L, @ cos y_
3. Mb s ; -F, —5—+F, —=—])or

come v \ a2 Za » /
n =1
S (e 2w, )
¥ —+F i+
YnZ
n=4
3 Ln asmyn
E FX -Z—-F
n
n=1 :
6 L, a sin y A
E , Fx 7 "Fz_ "= )“
n = 4
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6 .
_ @ cos y
Mbooms = z : (_FX 2 *
n
n =1
a sin Yo\ ~ _
F —| k (201)
Y 2
n
where
[
2 .
= _ Ly L2z -wpt
booms ~ cos o | C ™
-
2

-284-

A ~ 2N~
(€, - M) Myde

and

>

T
5
0

(-cos @ sin Bl Cos @ cos Bl sin @)

7’7\ = [-sin (p + Sn) cos y_+ cos (p + Sn) X
i cos o sin Y, €os (p + Sn) cos o cosy +
sin (p + Sn) sin Yo €°S (p + Sn) sin crn]
2(2 - wPt A
T/Itorus i ( 2 2 (é.s)z(ﬁt X;;)
or )
- tan-l [cos asczlgsa(}\,+ 5)] +%
1\—/itoru.s = X

-1 sin @ _T
tn¥tan [cos a cos (A+ B)] 2
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i A
= _ .. 22 -wP N2z A
Mtorus =K C rt(€ n) (Rt xn).x
(R, + r, cosp) dp dA (202)
where

(d)

L

N
§ = (-cos @ sin 3, cos @ cos Bl sin @)
1

= (cos p sin ?\1 cos p cos >\1 sin p)

The total moment or body-axes components of the total mo-
ment can be obtained by adding these subconfiguration con-
tributions. These contributions in terms of body-axes co-
ordinates have been presented previously in Figures 101
through 104. Note that in the satellite equations of motion

presented in Item 2, b, the input torques (Le s Lyf , L¢.)
1 1 1

are about rotational axes. Therefore, these body-axes

solar-pressure moments must be rotated back through the

angles ;z{l, and 9{1 and 61

, respectively, to obtain Ld and
1

%

Earth Shadow Eclipsing

The satg\llite will be in the earth's shadow whenever the sun
vector, g , lies inside the cone whose vertex is at the satel-
lite (considered as a point) and containing the earth tangen-
tially (see Figure 105). Analytically, this condition can be

embodied in an eclipsing function A(= 0 or 1) defined by:

( .. AN earth radius Z
0if § = A _\/" (orbit radius)

1 otherwise
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(e)

Figure 105 - Eclipse Diagram

NOTE: The sine of the cone halfi-angle is precisely eart

I3

i

radius/orbit radius. Also, since £ is a unit vector and /Z\,
the unit vector along the outward pointing local vertical,

-é'\- /Z\ is the cosine of the angle between é\and the cone axis
(-Z). Hence (A) follows.

Thus, to include earth-shadowing effects, the total solar
torque M previous calculated must now be replaced by AM,

with A given above.
Order-of-Magnitude Analysis for Solar Pressure Moments

Order-of-magnitude analyses were conducted, which were
concerned with the solar pressure moments for both the full-
scale and test satellites. The contributions of the various
subconfiguration surfaces over the complete sun-vector
"angle-of-attack" range were compared. It was thought that

some of these complex expressions could be neglected in the
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' steady-state response studies. However, as the data show,

the subsystem moments are all of the same order of mag-

nitude.

A breakdown of these subsystem moments about each of the
6, 7, g (denoted by X, Y, Z) body axes are presented in Fig-
ures 106 through 109 for a complete range of a@'s at 3 = 0

. deg. This particular 8 results in the largest solar moments

encountered in this study, M = 0.0013 ft-lb at @ = -30 deg
and M = 0.0000079 ft-1b at @ = O for the basic full-scale
and test satellites, respectively. For (Ix - Iz) = 78 X 104
slug-ftz’, in the full-scale-satellite case, the pitch angle for
'gravity-gradient equilibrium is 0.10 deg. For (Ix -1) =
1310 slu.g-ft2 in the test-satellite case, the equilibrium pitch
angle is 0. 15 deg. Except for near-resonant conditions at
low damping, these magnitudes of solar pressure torque

should not be deleterious.

Table XXI presents a summary of the solar pressure mo:-
ments and the gravity-equilibrium pitch for various photo-
lyzed and nonphotolyzed versions of the full-scale satellite.
The solar torque and equilibrium angle are also presented
for the basic test satellite. These moments and the result-
ing angles are all for the maximum moment condition, 8 =

0 deg. Note that the maximum moment occurs at either a =

~ -30 or -45 deg in the full-scale case and ¢ = 0 in the test-

satellite case. This occurs because the moment contribution
of the booms is greatest at @ = 0, and all other subconfigu-

ration moments are greatest at @ = 45 (or -45) deg.

As a matter of interest and comparison, an eccentricity of
0.02 (representative of Scout launch accuracy to 800-mi or-
bit) results in pitch oscillations of 0.9 deg for the full-scale

satellite and 0.98 deg for the test satellite. The eccentricity
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LENS BOOMS CANISTERS

R = 200 FT f, = 0.167 FT Rg = 2.33 FT
P = 42 DEG =
MAX L =300FT p =08

u = 0.048 L = 188FT

- —6 ’
P{/C = 0.09x 10 © PSF o, = TAN"! 133.8/300
o, = -TaN"' 133.8/188

TORUS

_ Y, = 0, =120 DEG, ~240 DEG
Ry = 143.52 FT 0, - 120 DEG, =240 DEG

ty = 9.72FT i = 0026

# = 0.10
ALPHA 0. DEG BETA 0. DEG MOMENTS (FT-LB)

MX MY Mz MTOT
LENS 0.00000000 0.00000000 0.00000000 0.00000000
TORUS 0.00000000 0.00000000 0.00000000 0.00000000
BOQMS 0.00072781 0.00000000 0.00000000 __ _ 0.00072781
CANISTER _ 0.00000000 0. 00000000 0.00000000 0.00000000
TOTALS 0.00072781 0. 00000000 0.00000000 0.00072781
CALPHA 15, _ BETA 0.

T MX MY Mz MToT
LENS T -0.00019398 0.00000000 0.00000000 0.C0019398
TORUS -0.00028606 0. 00000000 0.00000000 0.00028606
BOOMS ) 0.00065875 0. 00000000 0.00000000 0.00065875%
CANISTER __ 0.00009236 0. 00000000 0.00000000 0.00009236
TOTALS 0.00027107 ___ _0.00000000 . 0.00000000 __ _0.00027107
ALPHA_ 30, " BETA 0.

ST MX MY Mz MTOT
LENS -0.00033599 _ _0.00000000 . 0.00000000 _ _ 0.00033599
TORUS —_ _=0.00049546 0. 00000000 0.00000000 0.00049546

_BOOMS 0.00051819 0. 00000000 . 0.00000000 0.00051819
CANISTER ___ 0.00015997 0. 00000000 0.00000000 0.00015997
ToraLs __ -0.00015330 0. 00000000 0.00000000 0.00015330
ALPHA 45, BETA 0.

MX MY Mz MTOT
LENS _ -0.00038797 0. 00000000 0.00000000 0.00038797
TORUS -0.00057211 0. 00000000 0.00000000 0.00057211
8s00MS . ___0.00034432 0. 00000000 0.00000000 0.00034432
"CANISTER ____ 0.00018472 0.00000000 0.00000000 0.00018472
TOTALS ~0.00043104 0. 00000000 0.00000000 0.00043104
_ALPHA_ 60. - .— . BETA 0. } - .

MX MY MZ Mior
LENS o -0.00033599 0. 00000000 0.00000000 0.00033599
TORUS . =0.00049546 0. 00000000 0.00000000 0.00049546
BOOMS 0.00018382 0.00000000 0.00000000 . 0.00018382
CANISTER__ 0.00015997 0. 00000000 0.00000000- - 0.00015997
TQTALS -0.00048767 0. 00000000 0.00000000 0.00048767
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Figure 106 - Solar Torques on Full-Scale Satellite - Positive a's
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LENS BOOMS CANISTERS

R = 200 FT r, = 0.167 FT Re = 2.33FT
PMax = 92 DEG L =300 FT 4= VOB

# = 0.048 L_=188FT
P./C = 0.09 x 10~° PSF -1

i 9, = TAN ' 133.8/300
o = -TAN"' 133.8/188
TORUS
R, = 143.52 FT ¥, = 0, -120 DEG, - 240 DEG
0, - 120 DEG, -240 DEG
n = 9.72 FT
p o= 0.124

p = 0.10

ALPHA -75, DEG BETA 0. DEG MOMENTS (FT-LB)
) MX MY Mz MTOT
LENS  0.00019399 0.00000000 0.00000000 0.00019399
TORUS 0.00028606 0.00000000 0.00000000 0.00028606
_ bOCMS 0.00011776 _ 0.00000000 0.00000000 0.00011776
T CANISTER ____ <0.00009236 0.00000000 0.00000000 0.00009236
TOTALS 0.00050544 0.00000000 0.00000000 0.0005054%
ALPHA =60, BETA 0. o
R ] MX MY Mz MTOT
LENs T 0.00033599 0.00000000 0.00000000 0.00033599
_ TORUS i} 0.00049546 0. 00000000 0.00000000 0.00049566
sooMs 0.00026005 0.00000000 0.00000000 0.00026005
CANISTER -0.00015997 0.00000000 0.00000000 0.00015997
ToTaLS 0,00093i54 __ 0.00000000  £©.00000000 0.00093156
ALPHA <45, BETA O,

e MX MY Mz MTOT
LENS 0.00038797 0.00000000 _ 0.00000000 _  0.00038797
TORUS . 0.00057211 0.00000000 0.00000000 0.00057211
BOOMS T T 0.00043444 0.00000000 0.00000000 0.00043444
CANISTER _ -0.00018472 0. 00000000 0.00000000 0.00018472
TOTALS 0.00120980 0. 00000000 0.00000000 0.00120980
ALPHA =30, BETA  O.

MX MY Mz MTOY
LENS 0.00033599 0.00000000 0.00000000 0.00033%599
TORUS 0.00049546 0.00000000 0.00000000 0.00049546
_800MS 0.00059873 0.00000000 0.00000000 0.00059873
! CANISTER -0.00015997 0.00000000 0.00000000 0.00015997
TOTALS 0.00127021 0.00000000 0.00000000 .0.00127021
_ALPHA ~=15._ . BETA 0. o
MX MY MZ MTOT
LENS 0.00019398 0.00000000 0.00000000 0.00019398
TORUS  0.00028606 0. 00000000 0.00000000 0.00028606
B800MS . 0.00070609 0. 00000000 0.00000000 0.00070609
CANISTER ~-0.00009236 0.00000000 0.00000000 0.00009236
_TOTALS 0.00109377 0.00000000 0.00000000 0.00109377

Figure 107 - Solar Torques on Full-Scale Satellite - Negative a's
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LENS BOOMS CANISTERS
R = 374 FT fy = 0.0833 FT RC = 0833 FT
Pmax = 42 DEG L = 42.03 FT
, p = OB
p = 0.048 L, = 2202 FT
P./C = 0.09 x 10°€ psF -
o, = TAN ' 25/42.03
o, = -TaN"! 28/22.02
TORUS Yo = 0, =120 DEG, -240 DEG,
0, =120 DEG, -240 DEG
R' = 2581 FT 4= 0.124
r, = 0.814 FT
u = 0.10
ALPHA 0. DEG BETA 0. DEG MOMENTS (FT-LB)
MX Ny Mz MIOY
LENS 0.00000000 0. 00000000 0.00000000 0.00000000
TORUS 0.00000000 0. 00000000 0.00000000 0.00000000
_ROOMS ___0.00000787 _ _ 0.00000000 __ _ 0.00000000 ____0.00000787
CANISTER . 0.00000000 0.00000000 0.00000000 0.00000000
TOTALS 0.00000787 0. 00000000 0.00000000 0.00000787
ALPHA 195, BETA 0. . e
MX MY Mz MTOTY
LENS L -0.00000127 0.00000000 0.00000000 0.00000127
TORUS . -0.00000036 0.00000000 0.00000000 0.0000V036
800MS - 0.00000704 0.00000000 0.00000000 0.00000704
CANISTER 0.00000165 0. 00000000 0.00000000 0.00000165
TOTALS 0.00000707 _ __ _0.00000000 ___ 0.00000000 ____ 0.00000707.
ALPHA 30. BETA O,
T MX MY Mz MTOT
LENS -0.00000219 _ __0.00000000 _ 0.00000000 ____ 0.00000219,
TORUS . -0.00000062 0.00000000 0.00000000 0.00000062
_b0OMS . 0.00000562_  0.00000000 0.00000000 0.00000562
CANISTER 0.00000286 0. 00000000 0.00000000 0.00000286
TovALs Ge00000300 c.35Cco0000 n_nnnnnann 0.00000566
ALPHA 4S. BETA  O.
MX MY Mz MTOT
LENS -0.00000253 0. 00000000 0.00000000 0.00000253
TORUS -0.00000072 0. 00000000 0.00000000 0.00000072
BOOMS 0.00000399 _ 0.00000000 .0.00000000 ___ 0.00000399
CANTSTER. 0.00000330 0.00000000 0.00000000 0.00000330
TOTALS 0.00000404 0. 00000000 0.00000000 0.00000406
_ALPHA _60. —.BETA 0. : e e
MX MY Mz MTOT
LENS _ . =0.00000219 0. 00000000 0.00000000 0.00000219
_TORUS . ~0.00000062 0.00000000 0.00000000 0.00000062
so0MS __ 0.00000251 0.00000000 0.00000000 0.00000251
CANISTER _ 0.00000286 0. 00000000 0.00000000 0.00000286
TOTALS 0.00000255 . 0.00000000 0.00000000 ___ 0.0000025%

-290_

Figure 108 - Solar Torques on Test Satellite - Positive a's
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LENS BOOMS CANISTERS
R =374 FT ", = 0.0833 FT Re = 0.833 FT
Pmax = 42 DEG L = 42,03 FT . o5
u = 0.048 L =2202FT # ‘
_ -6
P{/C = 0.09x 10 = PsF o, = TAN"' 25/42.03
o, = -TAN"' 25/22.02
Y, = 0,-120 DEG, -240 DEG,
TORUS 0, - 120 DEG, - 240 DEG
R, = 25.81 FT u = 0.124
fy = 0.814 FT
# = 010
ALPHA =75, DEG ~ BETA  0.DEG MOMENTS (FT-LB)
Rt ¢ MY Mz MTOT
LENS T T T 0400000127 0.00000000 0.00000000 0.00000127
TORUS T 0.00000036 0.00000000 0.00000000 0.00000036
BOOMS 0.00000171 0.00000000 0.00000000 0.00000171
CANTSTER  =0.00000165 0.00000000 0.00000000 €.00000165
TOTALS _____ 0.00000169 0.00000000 0.00000000 0.00000169
ALPHA -60. BETA _ 0. o
- MX MY Mz MTOT
LENS - 0.00000219 0.00000000 0.00000000 0.00000219
TORUS ) 0.00000062 0.00000000 0.00000000 0.00060062
BOOMS _ 0.00000358 0.00000000 0.00000000 0.00000358
CANISTER __ -0.00000286 0.00000000 0.00000000 0.00000286
TOTALS 0.00000353 0.00000000 _ 0.00000000 __ 0.00000353
ALPHA -4 BETA  O.
o o MX MY Mz MEOT
LENS" 0.00000253 0.00000000 __ 0.00000000 ___ 0.000¢L253
TORUS __ ~0.00000072 0.00000000 70.00000000 0.00000072
‘BOOMS 0.00000537 0.00000000 0.00000000 0.00000537
CANISTER T -0.00000330 0.00000000 0.00000000 0.00000330
Tnrars 0.00000532 0.00000000 0.00000000 0.00000532
ALPHA =30, BETA 0.
T MX MY Mz “MTOT
LENS T 0.00000219 0. 00000000 0.00000000 0.00000219
TorRus~ T 0.00000062 0. 00000000 0.00000000 0.00000062
_BOOMS . 0.00000694 . 0.00000000 0.00000000 0.00000694
CANTSTER -0.00000286 0. 00000000 0.00000000 0.00000286
ToTALS 0.00000689 0.00000000 0.00000000 0.00000689
ALPHA -15. _BETA 0. B e
MX MY Mz MTOT
LENS R ~0.00000127 0.00000000 0.00000000 0.00000127
TORUS 7 " " 0.00000036 0. 00000000 0.00000000 _ . 0.00000036
BOOMS o '0.00000784 0. 00000000 0.00000000 -~ 0.00000784
CANISTER -0.00000165 0. 00000000 0.00000000 0.00000165
_TOTALS 0.00000782 0.00000000_ 000000000 . __0.00000782

Figure 109 - Solar Torques on Test Satellite - Negative a's
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TABLE XXI - SOLAR TORQUE AND GRAVITY EQUILIBRIUM ANGLE FOR

VARIOUS PHOTOLYZED VERSIONS OF THE LENTICULAR SATELLITE

B a max ’Se
No. Satellite configuration u's (deg) (deg) (ft-1b) (deg)
1 Full-scale basic
Lens 0. 048
Torus 0.100 .
Booms 0.124 0 -30 0.00127 0.097
Canisters \/ﬁ
2 Full-scale torus -
photolized
Lens 0.048
Torus 0
Booms 0.124 0 -15 0.00081 0.052
Canisters \/ﬁ
3 Full-scale booms -
photolized
Lens 0. 048
Torus 0.100
Booms 0.024 0 -45 0.00086 0.065
Canisters \/O_E
4 Full-scale - all
photolized
Lens 0. 048
Torus 0
Booms 6. 024 0 -30 0.00030 0.019
Canisters \/ﬁ
5 Full-scale -
nonphotolized
Lens 0. 148
Torus 0.100
Booms 0.124 0 -45 0.00451 0.363
Canisters ‘/o_g
6 Test-satellite basic
Lens 0. 048
Torus 0.100
Booms 0. 124 0 0 0.000008 0.152
Canisters JO—E
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effects are introduced at orbital frequency, while the solar

torques enter at both one and two times orbital frequency.

(3) Orbital Eccentricity Effects

(a)

General

A conservative philosophy of designing for the conditions
attainable by the less sophisticated Scout-launched test satel-
lite has been applied. From Reference 15, an altitude band
encompassing a 95-percent probability for an 800-mi orbit
and assuming a 2-deg tip-off error would be approximately
800 = 115 mi. This results in an initial orbital eccentricity
of 0. 02, which for the test satellite results in a gravity-
gradient equilibrium pitch angle of 0. 98 deg; for this eccen-
tricity, it is slightly less (0.9 deg) in the case of the full-

scale satellite and mission.

Because of solar pressure effects upon the orbit, the perigee

~altitude of an eccentric orbit will oscillate, thus causing a

variation in eccentricity after injection. Depending upon this
eccentricity variation, which is a function of the time of day
of launch and the initial orbital parameters, the lifetime of

a satellite may vary by as much as a factor of 10.

The eccentricity appears at orbital frequency as a near -

sinusoidal forcing function in pitch. For small eccentricities,

this forcing function can be simulated by

LY = 2e1y'u32 sin wt ft-1b , (203)

where

pitch moment of inertia, slug ftz;

—
1

e = eccentricity; and

average orbital frequency, rad per second.

€l
n
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The Rice-Wilberforce damping system has demonstrated that

it will quite satisfactorily dissipate this energy input.
(b) Analog Computer Study

The effect of orbital eccentricity was introduced into the
pitch-plane analog simulation as a sinusoidal torque acting

about the pitch axis.

L_(t L sin t
Y() y wo

]

0.021 ft-1b (204)
for e = 0.03.

The simulation was rescaled to improve accuracy of the
small angular displacements resulting from this disturbance.
Computer runs (Figures 110 through 113), show the com-
bined effects of this disturbance and an initial-condition pitch
error of 10 deg. The four damper configurations used for
the transient response studies were used for these runs.

The runs show that in all cases the final steady-state re-
sponse for an eccentricity of 0. 03 is approximately +1.5 deg.
The Rice-Wilberforce/alternate-configuration run also shows
that the damping of the fundamental pitch oscillation is poor
at low amplitudes and results in a forced oscillation at W,
from orbital eccentricity plus a very poorly damped pitch

oscillation of comparable magnitude.

3. ORIENTATION SYSTEM

a.

-294-

General

The orientation system will consist of a sequencer and two stages of
yo-yo despin devices. Its task will be to minimize the angular dis-
placement and rate relative to the mdving local vertical at satellite
deployment. The sequencer will be initiated by ground-radio com-

mand when the canister separates from the final boost stage,
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Figure 110 - Pitch-Axis Response - Rice-Wilberforce
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Figure 111 - Pitch-Axis Response - Rice-Wilberforce Alternate
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Figure 112 - Pitch~Axis Response - Dual Mode, Lossy Spring
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approximately three-fourths of the way around the earth from the

launch site. The following sequence will then proceed automatically:

1. Despin canister
2. Separate canister halves
3. Deploy, inflate, and rigidize satellite

4. Exhaust inflation gas

The suggested sequence for placing the lenticular test satellite in or-

bit is shown in Figure 114.

A conservative philosophy has been applied in arriving at the initial

orbital orientation for design purposes. The transient response study

satisfactorily acquire the desired orbital dynamics for mission pur-

poses from these conservative initial conditions. Because the guid-

ance and control accuracy of boosters capable of placing the full-scale

YO-YO DESPIN, DEPLOYMENT
AND INFLATION )

4
SEPARATION OF <6> &

CANISTER FROM
4TH STAGE /'e‘\*

LAUNCH (THROUGH SPIN-UP
AND 4TH-STAGE SEPARATION)

N,

4TH-STAGE IGNITION

results show that the GAC stabilization and damping system will quite

Figure 114 - Launch and Deployment Sequence
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lenticular satellite in orbit is an order of magnitude better than the
Scout launch vehicle, which is proposed for the test satellite, repre-
sentative Scout injection errors have been used for design purposes.
These injection errors will appear as initial orbit eccentricity and
attitude angles and rates. Since the final stage of the Scout launch
vehicle is spin stabilized, this will result in a residual yaw rate af-

ter despin in addition to other typical disturbances from sources

. such as thrust misalignment, mass unbalance, or tip-off error.

Spin-Up and Coning Angle

The Scout spin-up system (Reference 16) will, with a canister spin-
axis moment of inertia of 1. 50 slug-ftz, spin the fourth stage to ap-
proximately 146 rpm. Half cone angles from 2 to 3 deg are possible
(Reference 17) irom four disturbance sources: (1) dynamic unbalance
of the fourth stage, (2) lateral impulse at fourth-stage ignition, (3)
fourth-stage thrust misalignment, and (4) tip-off error at payload
separation. The rms sum of these disturbances is 4.6 deg. Arith-
metically, they add up to 10 deg. These half-cone angles would ap-

pear as pitch or roll angles after despin of the canister.

Despin of the Canister

The canister payload will be despun by a two-stage yo-yo despin sys-
tem. The two-stage system is advantageous over a one-stage sys-~
tem because it results in greater despin accuracy. Another item to
be considered in the actual design of a despin system is the internal
stress caused by the rapid angular deceleration. The two-stage sys-
tem does not alleviate the internal stress or packaging problem, but
results in a less stringent release requirement at the end of the sec-
ond stage. Utilizing smaller weights and unwinding the cables from
a smaller diameter increases the time to despin and therefore tends

to alleviate the internal stress problem.

In the lenticular satellite application, the objective is to despin to

zero rpm. This is an advantage, since for a given spin moment of
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inertia value, despin to zero is independent of the initial spin rate.
The method of analysis employed in this study is presented in Refer-
ence 18. The data presented are based on unwinding two 2-0z and
two 3-0z weights for the two stages, respectively, from the maxi-
mum 12-in. diameter about the spin axis and releasing them at a
radial position. The following formula results in the necessary cord

length to despin to any desired rpm:

I
m(f + r)2

g (205)

where
I = canister spin moment of inertia, 1.50 slug-ftz;

m = mass of despin weights plus one-third mass of
cords, 0.008 slugs;

L= length of cords, feet;
r = radius of coiled cords, 1.0 ft; and

A

Applying this formula, first-stage despin cord lengths of 12. 2 ft will

despin the canister from 146 rpm to 5.4 rpm in 0. 94 sec, and second-

ratio of desired final rpm to initial rpm.

stage cord lengths of 10.25 ft will despin the canister to 0 rpm in an
additional 21.9 sec. Assuming a despin accuracy of 3 percent of
initial-spin rpm for each stage results in an over-all despin accuracy
of £0. 11 percent, which for the initial 146 rpm leaves a residual spin
of only 1 deg per second. This spin would appear as a yaw-angle rate
and would be further attenuated by a factor of 240 as the satellite de-
ploys to a yaw inertia of 360 slug-ftz.

The maximum tension in any stage is encountered when the cords are
unwinding but still tangent to the cylinder about which they are unwind-

ing. The formula used to compute this tension is
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_3v3 2 1
Tmax I L ’ (206)
I 2
— +r
m
where
T = maximum tension in cords, 1lb; and
max
w, = initial spin rpm.

For the first stage, this results in a tension of 33.2 1b, and for the
second stage a value of 0. 055 lb. Piano wire of 0.015-in. diameter

(tensile strength = 60 1b) will provide the necessary tensile strength.

e

Initial Orientation

For a fourth-stage tip-off error of 2 deg, a 95-percent probability
encompasses an altitude variation of approximately 0 £ 115 mi for a
desired circular orbital altitude of 800 mi (Reference 15). This re-
sults in an initial orbital eccentricity of 0.02. Half-cone angles as
large as 10 deg are possible, which in combination with an initial
rate error equivalent to the orbital rate of 8. 7. 10-4 rad per second
will result in initial oscillations in pitch or roll of approximately +40
deg for the test satellite. Initial oscillations of the full-scale satel-
lite will be no greater than 40 deg because of the increased guidance

and control accuracy anticipated for the full-scale satellite.

4. CONCLUSIONS AND RECOMMENDATIONS

On the basis of studies made so far, it has been shown that the applica-
tion of gravity-gradient stabilization to a lenticular-shaped communica-
tion satellite is definitely feasible. It is therefore recommended that the
study be continued. A very efficient gravity-gradient libration damper
(the Rice-Wilberforce damper) has been discovered. Further study of
the transient and steady-state stabilization accuracy needs to be done,

however, The optimum-tuning theory for this damper, which has been
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developed during Phase I, needs to be verified with a complete eight-
degree-of-freedom simulation of the equations of motion of the satellite.
More studies need to be made of the effects of solar pressure and orbital
eccentricity in generating steady-state attitude errors. Especially per-
tinent here is the influence of the various reflecting-to-total-surface-area
ratios of the satellite subsystems as functions of the type of satellite struc-
tural material, wire mesh size, and degree of photolyzability of the film.
Also, the effects of sun-line angle of attack on this reflecting-to-total-
surface-area ratio and the effects of a non-lens-centered center of mass

must be investigated.

Hardware studies of the Rice-Wilberforce damper should be made to ex-
amine the questions of physical realizability of the helical spring and re-
quired damping-fluid parameters, the pivot problem of the damper ele-
ment, and the general questions of deployability of the damper. Also, the
question of using an active orientation system to provide a relaxed gravity=
gradient capture problem at the time of satellite deployment needs to be
examined. Various approaches to the problems due to the rather inde-
terminate body-axis moments of inertia during inflation of the satellite

also require further study.
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Subsection Four - Microwave Analysis and Tests

GENERAL

A microwave analysis and test program was undertaken to prove the feasi-
bility of the lenticular configuration as a passive relay satellite. A pre-
liminary investigation of the lenticular shape indicated that a significant
radar return was to be expected because of the edge diffraction phenome-
non. This return combined with the return from the spherical portion of
the lenticular shape would cause large amplitude variations with changes
of frequency. Theoretical calculations of the edge diffraction were made,
and a computer program was set up to calculate the expected radar re-

turns as a function of frequency.

Reflectivity measurements were made on a scale model of the lenticular

shape in an effort to accomplish the following:

1. Experimentally determine the magnitude of the edge
diffraction return for correlation with the return

predicted by theory.

2. Predict the over-all return that might be expected
from the full-scale and flight-test satellites.

Technical literature was reviewed and consultants were used to determine
the state-of-the-art of diffraction analysis, to direct further analysis, and
to establish valid reflectivity measurement procedures. Theoretical con-
sideration was given to the effect of the boom and canister on radar re-
turn, the reflectivity of the wire-grid material used for lens caps, and

the effect of the lens surface tolerance.
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2. EDGE DIFFRACTION ANALYSIS

a. Theoretical Approach

A theoretical analysis was undertaken to determine if the radar re-
turn due to the edge diffraction and the radar return from the front
convex surface of the satellite are comparable in magnitude. The
results of the analysis on the 267-ft-diameter, 200-ft-radius-of-

curvature lenticular shape are as follows:

1. Radar cross section of convex surface (center
spherical portion of the lenticular sha,pe)19
™
42 |
o =1.2X10m | (207)
|
v
2. Radar cross section of edge diffraction of 267-ft-
diameter lenticular shape19
-
/
4 2 /
c«e - 0.8 % 10°m | (208)
\
\
\
[ S

Since the magnitude of the over-all lenticular return due to construc-

tive and destructive interference between the two returns is given by

o = (fo+ /o), (209)

it can be seen that the resultant return from the proposed configura-

tion could suffer from large amplitude variations. The variation was
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computed to be approximately 21.5 db for the nose-on monostatic

conditions.

Equation 209 describes the magnitude of the variations but does not
show the variations as a function of frequency. For this reason, the
impulse scattering technique20 was used to describe the radar cross
section as a function of frequency for the cases where the low-fre-
quency and high-frequency return and the shape of the scattering ob-

ject are known.

After consultation with Dr. Kennough, 2 the impulse scattering equa-
tions were simplified and the edge diffraction pulse was redefined

from the work of Keller.

A computer program was then set up to evaluate the equations and to
obtain numerical results over a wide frequency band. The results
of the computer analysis, an explanation of the graphs of return ver-
sus frequency, and the equations of the radar return are presented
in Appendix F'. In general, the results show that the nose-on mono-
static return from the lenticular shape varies by 21.5 db and that a
complete cycle of constructive and destructive interference occurs
with a 10-mc frequency change for the 267-ft-diameter lenticular

satellite.

Refléctivity Tests

o

(1) General
The purposes of the lenticular satellite reflectivity tests were:

1. To determine the peak magnitude of the
edge scattering or diffraction return for
correlation with the return predicted by

theory.

®Ohio State University, Antenna Laboratory.
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(2)

2. To determine the over-all return that
might be obtained from the complete

satellite.

A scalé model of the lenticular satellite was fabricated, and re-
flectivity patterns were taken on a 150-ft test range. Although

it would be desirable to determine the peak magnitude and dis-
tribution of the spectral return (the return from the center por-
tion of the model, neglecting edge effects), it did not appear that
this could be readily obtained from direct reflectivity measure- -
ments. However, the phase interference relationship between
the edge effects and the center spectral return was apparent
when patterns of the complete model were compared with the
pattern of a reference sphere (essentially a constant return as
the sphere is rotated). An approximation of the magnitude of

the edge return could then be made, and the validity of the edge
diffraction equations for the lenticular shape could be established

by comparing the measured and theoretical edge return.
Test Model

A scale model (Figures 115 and 116) of the lenticular satellite
was constructed by gluing wooden strips together and forming
them to the desired shape on a lathe. ‘I'ne model was then coaied
with conducting paint for the radar cross section measurements.
A size was chosen that would enable valid reflectivity data to be
obtained. Ease of model handling and the reception of a large
signal for the far-field conditions were also considered. A 15-
in.-radius-of-curvature model with an 84-deg included angle was
chosen, thus providing a 20-in. -diameter model (Figure 117).
The model width-to-wave-length ratio at X band is considerably
out of the resonant region (the region where the radar cross sec-
tion and the return from a spherical shape vary considerably

with a change frequency). Also, the depth is 4 in. for one curved
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Figure 115 - Reflectivity Test Model (Front View)
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Figure 116 - Reflectivity Test Model (Side View)
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15-INCH RADIUS
84°

f

4-INCH DEPTH

— 1

[~ 20-INCH DIAMETER — ™

(3)

Figure 117 - Reflectivity Test Model Dimensions

portion of the model. Therefore, approximately 16 Fresnel
zones illuminate the model in the nose-on direction, which is
sufficient to obtain the spectral return of 7rR2 (that of a sphere).22
It was not the intent of the reflectivity model tests to simulate the
actual pattern of the full-scale model at its operating frequencies,
but rather to determine the reflection characteristics inat arc in-
dependent of frequency. For example, while the actual interfer-
ence pattern of the edge diffraction return and the center spectral
return is dependent on frequency, the peak scattering and the en-
velope of the edge scattering are relatively independent of fre-

quency.
Test Range and Equipment

A 150-ft reflectivity range was set up to take reflectivity patterns
of the 20-in. model at X band frequencies. A block diagram of
the setup is shown in Figure 118 and a diagram of the range is

shown in Figure 119. The range was of sufficient length to ensure
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Figure 118 - Block Diagram

of Reflectivity Range Equipments
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Figure 119 - Reflectivity Range (Side View)
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far-field reflectivity characteristics and short enough to provide
an adequate signal level to reduce errors caused by noise re-
turns. The model was mounted 6-ft above the ground on a ro-
tating pedestal and 150 ft from two standard-gain horns used as
the transmitter and the receiver. These horns were mounted
0.6 ft above the ground. These conditions provide the following

range parameters:
1. Phase variation over model -<X/16

2. Amplitude variation over model
Width - <0.25 db
Height - <0.35 db

A noise cancelling network was used to decrease or null-out the
background noise, and a fence of r-f absorbing material was
placed in front of the pedestal to reduce the return signal from

the pedestal and mount.

Table XXII lists the test equipment used for reflectivity meas-
urements of the 20-in. lenticular model. All critical equip-

ments were calibrated prior to reflectivity measurements.

TABLE XXII - TEST EQUIPMENT FOR 20-IN. MODEL

REFLECTIVITY TESTS

Item Model number Manufacturer
Directional couplers | 402 PRD Electronics Inc.
Uniline R-88.96 Cascade
Klystron V-58 Variac Co.

Frequency stabilizer | 2650A " | Dymec Div. of Hewlett~
Packard Co.

Power supply 801A PRD Electronics Inc.

Attenuator 195B PRD Electronics Inc.
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TABLE XXII - TEST EQUIPMENT FOR 20-IN. MODEL

REFLECTIVITY TESTS (Continued)

Item Model number Manufacturer
Phase shifter X-885A Hewlett-Packard Co.
Frequency meter 585A PR D Electronics Inc.
.Detector
VSWR meter 415B Hewlett-Packard Co.
Precision attenuator | X-382A Hewlett-Packard Co.
Mixer M-8.2 Scientific-Atlanta Inc.
Receiver 402C Scientific~Atlanta Inc.
Recorder APR/20/30 Scientific -Atlanta Inc.
Pedestal 584
Horns Standard gain | Goodyear Aerospace

(4) Test Method

The 20-in. lenticular model was tested on the 150-ft reflectivity
range under monostatic conditions (transmit and receive horns
at the same point) for frequencies between 8570 and 9830 mc,

to determine the effects of phasing between the edge diffraction

return and the specular rc

tarn. I'ur cach irequency of test, the

following procedure was followed:

1. The mount, which holds a 20-in. reference

sphere, was placed on the rotating pedestal.

2. The background noise level received was
nulled out (to reduce errors in reflectivity
patterns due to high noise level) by means of
the noise cancelling network and positioning of

the r-f absorber fence in front of the pedestal.

3. A pattern of received noise was then taken as
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the mount was rotated 90 deg to ensure that
the mount noise level did not increase with

mount rotation.

4. The 20-in. sphere was then placed on the
mount and rotated +90 deg to establish a ref-

erence level pattern.

5. The 20-in. sphere and its mount were then re-
moved, and the mounting fixture for the len-

ticular model was installed.

6. The background noise level was then rechecked
i and renulled, if necessary, and the mount was
rotated £90 deg to ensure that the mount noise

level did not increase with mount rotation.

7. The lenticular model was then placed on its
mount, and a reflectivity pattern was taken

over 90 deg from nose-on.

8. The lenticular model was then removed, and
the background noise level was rechecked to
ensure that there had not been an increase

during the reflectivity measur ement.

) 9. The transmitter and receiver were then re-
tuned to the next test frequency, and the above

procedure was repeated.

Figure 120 shows relative positions of the transmit and receive

horns and the lenticular model.
(5) Test Data

Test data were obtained from the monostatic reflectivity pat-
terns taken on the lenticular model. Figures 121, 122, and 123
show representative patterns. Figure 121 shows apparent con-

structive interference between the edge and center spectral
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Figure 120 - Monostatic Reflectivity Measurements

returns. Figure 122 indicates apparent destructive interference
(nose-on, *1.33-deg region). Figure 123 shows an apparent 90-

deg phase relationship between the edge and center returns.
Each reflectivity pattern contained the following:

1. Noise level of the reference sphere mount

2. The reference sphere reflectivity pattern

3. Noise level of the lenticular mount

4. The lenticular model reflectivity pattern

From the reflectivity patterns, the following items of data listed
in Table XXIII were obtained:

1. Reference sphere return above noise (average)

2. Average lenticular return (over azimuth angles
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Ig)

of interest)a with respect to the reference

sphere return

3. Nose-on (0-deg azimuth) lenticular return

with respect to the reference sphere return

4. Nose-on (0-deg azimuth) lenticular return
with respect to average lenticular return(over
azimuth angles of interest)

5. Maximum variation of lenticular return (over

azimuth angles of interest)

Plots of the data contained in Table XXIII are given in Figureé
124 through 127.

Test Data Analysis

In the reflectivity data analysis, it was assumed that the nose-on re-
turn of the lenticular model is the sum of two contributions, the
spherical section return of the lenticular shape and the edge diffrac-
tion return. The purpose of the analysis was to determine the rela-
tive amplitude of the edge diffraction compared to the return of the

spherical section.

The nose-on monostatic return is then given by two vectors, A and

B (Figure 148).

The maximum power from the E vectors A and B is (A + B)Z, and
the minimum is (A - B)Z. Referring to Figure 125, the maximum
variation with frequency in nose-on monostatic return is 11.3 db

(including £2 db measurement accuracy allowance). Then

®The lenticular model, has an included half angle of 42 deg; however, the re-
turn from the model falls off sharply at approximately 38 deg from nose-on.
Data were obtained from the +38 deg from nose-on region.
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B = EDGE DIFFRACTION RETURN

f A = SPHERICAL SECTION RETURN

Figure 128 - Vectors A and B ’ -

2
11.3 db = 10 log &+ Bl (210) -
(A - B)

and ' _

1+ 2

11.3 db = 20 log (211) —

B
1-Z
Solving Equation 211 for B/A, we have

11.3/20 _

B _ 10 ]
AT | U.3/20
= 0'5172 . (212)

If the E vectors of the edge diffraction and the spherical section con-
tribution are in the ratio 0.572/1, then the power ratio is O. 327/1.
Theoretical calculations of Item a, above, predict a power ratio of

0.69/1. _

The reflectivity patterns also indicate that the 11. 3-db variations in
return with frequency are only evident in the nose-on, #1. 5-deg re-
gion (see Figures 121 and 122) and that outside that region the re-

turn very closely approximates (¥1.5 db) the return expected from a
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full sphere of the same 15-in. radius of curvature as the lenticular
model. Edge effects do not appear to cause large variation in return
(>4 db) outside the *1.5-deg region. Since the large variations are

. apparently confined to this small angular range, the edge diffraction
return does not pose as serious a problem as previously believed.
However, the geometric configuration between the transmitter, re-
ceiver, and satellite for a typical mission should be considered to
determine whether the *1.5-deg region is of interest and whether the
magnitude of the variations is large enough to cause significant loss

of return to operational radars.

3. LENS SURFACE TOLERANCE EFFECTS

The bistatic radar cross section for a smooth, continuous, metal surface
is determined by the radius of curvature of the surface at the point where
the normal to the surface coincides with the bisector of the angle from

the transmitter to the satellite to the receiver. The following three con-
ditions restrict the surface so that only one normal coincides with the bi-

sector of the scattering angle:

1. The spherical radius of curvature of the lenticular

 satellite will be 200 ft (1 percent).
2. The cord length of a spherical segment will have 2
diameter of no less than 50 ft.
3. Local radius of curvature will not vary by more

than £30 percent from the design spherical radius

within a l-sq-;ft section.

These conditions eliminate the possibility of an interference effect be~

tween signals from several different regions of the sphere.

The effect of a local perturbation is negligible if the local rms surface
variation is less than 0. 02 of the wave length (for a solid sphere). 23

Since this communication satellite is to be used at frequencies up through
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X band and the maximum surface discontinuities will not be more than
0.10 in., peak-to-valley, the ratio of rms surface variation to wave
length could be as large as 0. 014. Although the corresponding theory
for the surface variations of a wire grid sphere has not been developed,
the effects of the specified maximum surface variation should also be

negligible in this case.

If the satellite is fabricated to the tolerances noted above, the surface

variation effect on the radar return will be insignificant.

/
4. BOOM AND CANISTER EFFECTS ON R-F RETURN
. \

Boom and canister effects on the r-f return from the lenticular satellite
were first analyzed by considering the radar return of the booms and can-
ister at various aspect angles. The effects were analyzed for low dielec-
tric material booms, one of which contained an 1/8~in. conducting wire
to simulate the pressure and temperature sensor leads. The equations

for the radar cross section of the booms are given in Appendix G.

Figure 129 shows the plot of radar return versus angle of incident energy
to boom for polarization parallel to the boom. The return is referenced
to a 200-ft radius sphere to show the effect of the boom on the over-all
lenticular return. The effect of the wire is seen to be negligible except
in ihe 50 (1) deg region. Outside this region the return from the wire

is at least 43 db down from the spherical portion of the lenticular satel-
lite. For this undesirable condition, 90 (1) deg, to exist, the satellite
axis must be tilted off the vertical 8.5 deg and be illuminated at an angle
=42 deg to the vertical (the maximum angular range of the satellite). Also,
the polarization of the incident energy must be parallel to the boom, since
the radar return falls off as the cbs4 ¢ (polarization angle to the boom).
The return from the boom in the angular regions of interest is quite small

and will have negligible effect on the lenticular return.

Since grid material was considered for rigidization of the booms, the

boom return was calculated, assuming that the booms are fabricated from
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Figure 129 - Boom Radar Return versus Angle of Incidence to Boom
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conducting material. The booms would then constitute cylinders 210-ft

long and 4.1-in. diameter.

The wave length of incident energy would range from 1.18 to 5.59 in. It
was therefore necessary to consider the boom's radar cross-section for
two cases. For the high frequencies, the booms were treated as cylin-
ders where the wave length is less than the radius of the boom (A<a).
For the low frequencies, the booms were treated as wires where the wave

length is greater than the radius (AYa).

Calculations were made at7\= 1.18 in. and X= 5.59 in. (approximately
2 to 10 kmc frequency range). For the case of l) a, the return due to
one boom as a function of 8 (angle of incidence) is shown in Figure 129.
It has the same form as the return from the 1/8-in. wire considered, ex-
cept that the return is approximately 8 db greater than that of the 1/8-in.
wire at small 0 angles and 3 db greater in the 90-deg region. The mag-
nitude of the boom return is still quite small over the angular range of
interest and has negligible effect on the lenticular return. For example,
a return from the boom that is 40 db down from that of the center spheri-
cal portion of the satellite would cause only 0. 18-db degradation in over-~

all return under the worst conditions.

For the )\_(a case, the return due to one strut has the same general form

: n
ae Fi v

or ~ e A .-~ Py NS -——— N I m™ 1. e -
o— 47y MWL UL W lAuLal 9LC T POl PAUPpT nSal 7 ucs- 4 1I1C UCLIirinein

tal effect of the conducting boom for this case is also considered negligi-
ble. '

It must be concluded that if the booms were made of conducting material
the effect on the satellite return would be very small, except where they
are viewed exactly normal to the line of sight with the E field parallel to

the boom.
The canister was considered as a sphere 56 in. in diameter. Its radar

cross section at X band would be

- 2 _ -
o:an = 7R” = 17.28qft = 1.6 sqm . (213)
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The radar return of the canister is down 40 db from that of the spheri-
cal portion of the satellite and would have negligible effect on the lenticu-

lar satellite return.

Boom effects computed on the basis of area blocked by the booms com-
pared to the total reflecting surface show less than 0. 2-db degradation in

return.

Since the amplitude of the canister radar cross section is small compared
to the theoretical lenticular radar cross section, the singular effect of the
canister blocking energy on the lenticular first fresnel zone does not sig-
nificantly affect the radar cross section if not more than the first fresnel
zone is blocked. This results from the fact that the vector addition of the
backscattered radiation from the center of the sphere and the various cir-
cular zones can be represented on the complex plane as a spiral (Figure
130). This spiral starts out approximating a circle in the first fresnel

zone and slowly converges to a point at the center of the approximate circle

RN

VECTOR = MAGNITUDE OF BACKSCATTERED / / \ \
RADIATION FROM VARIOUS POINTS ALONG

THE ARC OF THE LENTICULAR SHAPE. ANGLE \_

é = PHASE ANGLE OF BACKSCATTERED

RADIATION. ¢/ ¢

Figure 130 - Magnitude and Phase Angle of Backscattered
Radiation from Lenticular Satellite
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as the contributions from the zones near the shadow region are added.

The total radar cross section is directly proportional to the square of the
distance from the center of the spiral to the spiral position where the back-
scattering.first starts. Since the first fresnel zone contribution is essen-
tially a circle, the total radar cross section would not change appreciably

by blocking out less than the first fresnel zone.

5. LENS SURFACE REFLECTIVITY STUDY

The reflectivity of the 1.6~ and 1. 2-mil grid material was determined con-
sidering the transmission line shown in Figure 131, where jx represents

the wire as a susceptive sheet. The susceptance is

X
a_a 2
Z—o = %,fn 575 (Reference 19) , (214)

where a = wire spacing (inches), and r = wire radius (inches).

Zg, Yo |x Zy, Yo

Figure 131 - Transmission Line
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The reflectivity or power reflection coefficient lrlz is then given by

Y 2
Y

| 2 0
Irl = (215)

2 +
. Yo

where Y/Yo = zo/x.
For the cases of interest, 1.18 in. <>\ <5.90 (2 to 10 kmc 'operating fre-
quency),

1/24 in.,

[+
]

and (216)
r = 0.0008 and 0. 0006 in.

The minimum reflection coefficient calculated from Equations 214 and 215
is 0.98 or 98 percent reflective. However, the exact configuration of the
wire material does not give equal spacing of wires in both planes. The
grid materia.l consists of 24 wires per inch equally spaced in one plane and

essentially 8 groups of 3 wires per inch in the other plane (see Figure 132).

Therefore, the reflectivity as calculated above will only hold when the po-
larization of the incident energy is parallel to the wires that are equally

spaced ¢4 per inch.

Appendix H contains microwave reflectivity measurement data for the grid

materials at various frequencies and parallel and perpendicular polarization.-

Measurements show = 97.6 percent reflection for parallél polarization,

which correlates very closely with the theoretical predictions (= 98 percent).

'An exact theoretical analysis is not available for the case of perpendicular

polarization, since the group of three wires may not be treated as a single
conductor. However, on the basis of eight equally spaced conductors,
theory predicts approximately 80 percent reflection. Microwave measure-

ments show = 91.5 percent reflection or that the lenticular return could be
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Figure 132 - Grid Material Configuration

reduced by 0.40 db by using wire-grid material instead of a solid conduct-
ing surface. These measurements were made on 1.2-mil wire at X band

frequencies for the worst case polarization.

6. ELECTRICAL CONTINUITY OF T.FENS SITRFA CE

Brief theoretical consideration was given to the electrical continuity of the
lens surface material. If the surface material of the satellite is continu-
ous around the edge, the surface discontinuity will be less, thus reducing
the effect of edge diffraction on the radar return. Both spherical caps of
the satellite should be fabricated from conducting material to reduce the

included angle at the edge of the satellite.

It is not considered necessary for adjacent gores to have conductivity as
long as the spacing between seams is of sufficient length. This implies
that a circular cap would be necessary where the gores become narrow

near the center of the spherical surface. The approximate reflectivity
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of the area near the cap as a function of cap radius is plotted in Figure
133. This cap radius was computed for the full-scale satellite. If fewer
gores were used and the spacing between gores widened, a cap of smaller

radius could be ‘us ed.

7. PREDICTED R-F RETURN OF FULL-SCALE AND FLIGHT-TEST SATEL-
LITES
The radar return from the‘full-scale (267 ft) lenticular model, predicted
by theoretical considerations of the magnitude of the edge return and the
phasing relationship with the center return, indicates approximately 21. 5~
db variation in nose-on return with changes of frequency. The period or
frequency spacing at which these variations occur is approximately 10 mc
for the full-scale satellite and is based on the distance, h, from the cen-
ter of the lenticular shape to the edge along the line of incident energy (see
Figure 134).

The period of variation for the 50-ft flight-test model would be approxi-
mately 51 mc due to the reduced h dimension; however, the theoretical
magnitude of the variation would be approximately the same as that of the

full-scale model (21.5-db theoretical).

The reflectivity range tests of the 20-in. model indicate that variations

of approximately 11 db in nose-on monostatic return are present, but
large variations are not seen outside the nose-on *1.5-deg region (Fig-
ure 135). Also, for small bistatic angles the region of large variations

is £1.5 deg from the position where the normal to the center of the spheri-
cal surface bisects the angle between the transmitter and receiver (Fig-

ure 136).

The reflectivity tests also indicate that the average return magnitude
from the lenticular model very closely approximates the return magnitude
to be expected from a complete sphere (1rR2) of the same radius of curva-
ture as the lenticular model. The average radar return of the full-scale
and flight-test models should therefore be equal to the return from com-

plete spheres of their respective sizes.’ (The radius of curvature is

e 3 -335-
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Figure 134 - Lenticular Configuration
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Figure 135 - Monostatic Region of Large Variations
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LENTICULAR
MODEL

TRANSMIT )/ \{ RECEIVE

Figure 136 - Bistatic Region of Large Variations

200 ft for the full-scale model and 37.4 ft for the flight-test model.)

Since the large variation in return with changes of frequency appears to
be present only in the nose-on £1.5-deg region, the aspect angles of a
typical operational mission must be considered. The probability of the
saiellite being in such a pousiition and aiitiiude LU give a aUse-on 1 eluri ii
two planes at once is quite small, and the over-all operational capabilities
of the satellite should not be critically affected. The following four cases
indicate possible positions and attitudes and whether or not operation is in

the critical region of variations:

Case 1 - Nose-on monostatic return in two planes (see

Figure 137).

Case 2 - Bistatic operation with angle, a, between the
transmitter, satellite, and receiver bisected
and the satellite above the transmitter and re-

ceiver in a vertical plane (see Figure 138).

-338-



- SECTION III
Subsection Four - Microwave Analysis and Tests

GER-11502

/ .
<1-1/2 (-6 OR -¢) / <1-1/2 (6 OR @)
/A\’./\\

\

FRONT OR SIDE VIEW

6 - ROLL ANGLES

¢ - PITCH ANGLES

Figure 137 - Satellite Attitude and Position - Case 1

‘Case 3 - Bistatic operation with the satellite in a plane’

other than vertical above the transmitter and re-

ceiver and angle, a, between the transrhitter,

satellite, and receiver bisected (see Figure 139).

Case 4 - Bistatic operation with the satellite in a vertical

plane above the transmitter and receiver and

angle, a, between the transmitter, satellite, and

receiver not bisected (see Figure 140).
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Figure 138 - Satellite Attitude and Position - Case 2
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The indicated region in Case 1 (Figure 137) is a critical region of varia-
tion, but is not considered a realistic configuration for operation of a

communications satellite.

If either 6 or £ is increased beyond £1.5 deg, the return will be approxi-
mately that of a complete sphere (& = 1TR2), and large variations with

frequency change will not be seen.

The region in Case 2 (Figure 138) is also one of large variations, but is
a point of singularity since the angle, a, must be bisected and the satel-
lite located in a vertical plane above the transmitter and receiver. Again,
if @ or ¢ is increased beyond £1.5 deg, operation will not be in a region

of large variations.

For the operational configuration in Case 3 (Figure 139), the return would
closely approximate that expécted from a complete sphere (¢ = ﬂRZ), and
the operation should not be in a region of large variations of return with
‘changes of frequency. This configuration is considered to be a more real-
istic representation of positions and attitudes to be expected in a typical

mission.

The operation in the configuration in Case 4 (Figure 140) should not be in
the critical region of variation with frequency, and the return should be

that of a complete sphere (& = 1TR2).

Since Case 1 is for a monostatic operational mode, which does not appear
of interest, and Case 2 is a point of singularity, Cases 3 and 4 are most
representative of attitudes and aspect angles that would be encountered.
The probability of being in the configuration of Case 1 or 2 is also quite
small and should not greatly affect the operational capability of the satel-
lite. The return (¢ = 1rR2) predicted for Cases 3 and 4 was based on re-
flectivity measurements at small bistatic angles (€10 deg) and should
therefore be qualified. Additional reflectivity measurements at large
angles should be made to more accurately predict the return coverage to

be expected.
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8. CONCLUSIONS AND RECOMMENDATIONS
a. General

The conclusions and recommendations given below were based on the

theoretical analysis and reflectivity tests of the lenticular shape.

I

Conclusions

Theoretical predictions of variation of nose-on monostatic return in-
dicate that 21.5-db variations are to be expected compared with 11-

rilb variations (2 db error assumed) shown in the reflectivity tests of
the 20-in. model. The theoretical variation indicates a power ratio

of 0.69/1 for the edge diffraction return to that of the center spectral
return; the reflectivity measurements indicate a power ratio of 0.33/1.
Although there is no close a'greement between theory and tests, the
indications are that considerable variations in nose-on monostatic re-
turn are to be expected. One source of possible disagreement between
the theory and tests is that the frequency increments at which reflec-
tivity patterns were taken were not sufficiently small to completely
define the curve showing constructive and destructive interference
between the edge and spectral return. Also, since the 20-in. test
model was small compared to the full-scale satellite, an exact scal-
ing of the edge configuration was difficult. Therefore, the edge re-

turn may not have been as large as that predicted.

Reflectivity patterns indicate that large variations (= 4 db) in mono-
static return are not apparent outside the nose-on, *1.5-deg region.
Since the probability of the satellite being in such a positioh and atti-
tude that a nose-on monostatic return is given in both planes is quite
small, the nose-on return variation is not necessarily considered

detrimental to the operational capability of the satellite. Therefore,
the effect of frequency change on over-all return is not as serious as

bpr eviously believed.

The average value of the lenticular monostatic return as the satellite
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is rotated over its included angle very closely approximates (+2 db)
the radar return magnitude of a complete sphere of the same radius

of curvature (200 ft) as the lenticular satellite.

Preliminary bistatic reflectivity tests at small bistatic angles (€10
deg) indicate that the variations in return are approximately equal to

those seen under monostatic conditions.

A moderate included angle of the lenticular configuration should be
maintained since the magnitude of the edge diffraction return is an
inver se function of the angle between the tangents to the two spheri-
cal caps at their point of intersection. Decreasing the included angle
would increase the edge diffraction return and thus increase varia-

tions in the lenticular return.

The effect of lens surface tolerance on the radar return is considered
negligible if the mechanical tolerances outlined in Item 3 are main-~

tained.

The effects of booms and canister on the radar return are negligible
even under the extreme conditions where the booms are totally con-

ducting material.

The reflectivity of the 1.2- and 1. 6-mil wire-grid material for the
lens caps is sufficient. Measurements show »91.5 percent of the
worst case conditions of wire size, polarization, and frequency.
Over-all lenticular return may be reduced by 0.4 db by the -use of

the wire grid lens instead of a totally conducting surface.

Electrical continuity between the lens caps is considered necessary

to reduce the edge diffraction return. Continuity between gores is

not necessary except near the center of the spherical lens where the
distance between gore seams becomes small in terms of wave lengths.
For this reason, a cap of grid material (13-ft radius) with electrical

continuity should be used on the full-scale model.

Results haveindicated that it is feasible to simulate the full-scale
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satellite r-f characteristics with a 50-ft-diameter flight-test model
by maintaining geometric similarity. Using prototype materials,
similar r-f returns will be experienced in areas of edge diffraction,
lens material reflectivity, boom blockage, and canister blockage for
monostatic and bistatic attitude conditions. The r-f returns then be-
come representative and predictable for any model size and flight

altitude.

The effect of lens radius of curvature, P, on r-f return can readily
be calculated for different size satellites through the relationship

o’ oc FZ. The r-f return prediction, &, for different altitudes can
also be determined, since ¢ oc l/S,I.ZSR2 where ST and SR are satel-
lite separation from transmitter and receiver respectively. On the
basis of theory and ground model tests, it is possible to predict with
reasonable accuracy the r-f return for any size similar satellite for

known flight conditions.

Recommendations

Additional theoretical analysis of the edge diffraction phenomenon is
recommended to better understand the effect of design parameters

on the edge diffraction return. A more detailed analysis that takes
into account the exact edge configuration of the satellite should be
undertaken. 1his type ot analysis would possibly provide closer cor -
relation with the reflectivity measurements. Another area of interest

Would be the theoretical analysis for the bistatic operating conditions.

In conjunction with the analysis above, the theoretical prediction of
the return from an additional 40-in. test model should be determined
and reflectivity measurements made to substantiate this theoretical

analysis.

Reflectivity range tests of the present 20-in. model and the additional
40-in. model over a complete range of bistatic angles and typical oper-
ating frequencies are considered necessary to more closely predict

the operational capabilities of the lenticular configuration,
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Additional effort should be made to measure the magnitude of the edge
diffraction return to provide closer correlation with the theoretical

analysis.

The edge of the lenticular test model should be modified and reflec-
tivity measurements made in an effort to reduce the magnitude of the
edge return and thus reduce variations in over-all return with changes

of frequency.

Recent Goodyear Aerospace experience on grid materials and grid
structures indicates that for a shape such as the lenticular satellite,
leakage of r-f energy through the front lens may be focused and re-
radiated somewhat by the rear lens and thus cause variations in the
over-all satellite return due to constructive or destructive interfer-
ence with the specular return. For this reason, reflectivity tests on
a scale model fabricated from representative grid material are rec-
ommended. The tests would determine whether the over-all return
is adversely affected by use of grid material instead of a totally re-
flecting lens material. The effect of spacing between lens surfaces

could also be determined.

The effects of the boom and canister on r-f return were analyzed on
the basis of the comparison of the magnitude of the lenticular shape
return and that of the boom or canister return. Additional effort

should be made to determine the effects of multiple path reflections

from the booms or canister to the lenticular shape.
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SECTION III - TECHNICAL DISCUSSION - PHASES I AND II

Subsection Five - Material Development

GENERAL

Significant advances in the development of the wire cloth-photolyzable
film composite lens material were achieved during Phase II of the pro-
gram. The work involved both test evaluation of previously developed
composite materials and development of more refined materials. The
development work was performed on (1) wire and wire cloth, (2) photo-

=1

lyzable film, (3) film-cloth composites, and (4) seams.

Development of wire cloth-photolyzable film materials was started by
Goodyear Aerospace prior to 1 July 1963. From 1 July through 31 De-
cember 1963 GAC efforts were supplemented with funds from this con-

9

tract. The materials development report” for Phase II covers the com-

bined work in this area.

The report presents the results of a wide variety of development tests.
Basic stress-strain curves are given for the various wires, wire cloth,
photolyzable film, and composite film-cloth materials that were investi-
gated. Photolyzation rate curves and spectral transmission data are
given for the film variations and strength and stiffness data for the vari-
ous seam materials that were investigated. Also diaphragm test data to
determine rigidizing and buckling characteristics of the film-cloth ma-
terials are presented. In addition the report includes data on a number
of other tests such as film porosity, tear, crease resistance, impact

resistance, and effects of packaging on the materials.

Because Reference 9 includes all details and data pertinent to the material

development effort, this report only summarizes the work that was done.
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Subsection Six includes itemized material test results together with a
definition of test procedure, test facilities, and correlation of theory and
experiment where applicable. Tables and figures are included to sub-
stantiate the conclusions and recommendations and to facilitate an under-

standing of the scope of the materials development work.

'The basic lens material is a sparsely woven, fine wire cloth, coated with
a photolyzable film. After deployment and inflation in space the lens will
be pressurized until the material has reached its yield point. This will
rigidize the wire so that the lens will remain in its inflated lenticular
shape. Subsequently the film material will photolyze under the space en-
vironment of vacuum and solar radiation. The woven wire will remain

as the operational satellite lens material.

Material design criteria include considerations such as (1) a low-weight
material, (2) a wire-cloth material that will yield at as low an internal
pressure as practical, (3) a film that will photolyze satisfactorily under
space environment, (4) a film that has a low enough porosity to allow
pPressurization, (5) seams that will remain intact during the satellite serv-
ice life, and (6) a rigidized lens that will have sufficient contour accuracy

for r~f reflective characteristics.

2. WIREF AND WIR

' CLOTH

Prior to the lenticular satellite program GAC had developed and produced

limited quantities of two fine-wire cloths. These were:

l. Five percent phosphor bronze, 1.6-mil wire-
with 24 wires per inch in both warp and fill di-

rections.

2. Stainless steel, Type 316, 1.0-mil wire with

24 wires per inch in both warp and fill directions.

During this program efforts were initiated to develop a cloth with lower

yield strength. A limited quanfity of cloth made of 1. 2-mil copper wire
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with 21 wires per inch in'both warp and fill directions, was woven and
weaving feasibility demonstrated. This new cloth was coated with film
and a limited test evaluation performed. The resulting cloth is recom-

mended as the prototype lens material and is described as follows.

PHOTOLYZABLE FILM

Prior to the lenticular satellite program GAC had initiated development

of an organic photolyzable film material. This material was intended as
a bladder for inflating and rigidizing large space structures. Unlike or-
dinary film, the photolyzable material has the desirable characteristics
of disappearing in a space environment. The key to its behavior is that,
under the vacuum environment of space, film chemical bonds are dis-
rupted by combined heat and ultraviolet supplied by the sun. Once the
photolysis takes place, the resulting lower molecular weight volatile frag-

ments evaporate.

Photolysis of the film had been demonstrated in bell-jar tests under ar-
tificial ultraviolet and temperature exposure. The original film was |
transparent. This program was directed toward the development of col-
ored film. With additionof dyes to the transparent filma fuller spectrum
of the solar energy can be absorbed. This increases the temperature of
the material in space environment and proper temperature for photolyza-
tion is achieved. Screening of dye materials resulted in the selection of
Nigrosine E-8037. Weighf loss tests were conducted to show that addi-
tion of the dyes did not significantly affect the photolyzation process.

Spectral transmission tests were conducted to show that photolyzation

.temperatures will be achieved in the space environment.

Limited testing of the colored film material was conducted in a GAC car-
bon-arc solar energy simulator. This equipment closely simulates the
space environment of vacuum and solar energy. The test samples are
heated by absorption of energy from the solar energy simulator rather

than by artificial heat that is supplied in the bell-jar tests.
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4. FILM-CLOTH COMPOSITE

GAC had also previously developed a film-cloth laminating technique.
The laminate consisted of a sheet of photolyzable film on each side of the
cloth. The layup was cured under heat and pressure. Because the mini-
mum practical film thickness was about 0. 5-mil, a total minimum film

thickness of one mil resulted.

It was considered desirable to develop a continuous laminating procedure
as well as to reduce film thickness. Consequently this program initiated
development of a technique to cast the liquid film resin directly onto the
cloth. This resulted in a continuous belt casting process which also re-
duced the total film thickness to one-half mil. A schematic diagram of

the continuous.casting process is presented in Figure 141.

The resulting composite material, with transparent photolyzable film and -
both 1. 6-mil phosphor bronze and 1.2-mil copper cloth, was used in test

evaluations and in model fabrication.

5. SEAMS

A major effort on lens material seam development was an important part
of the lenticular satellite program. Both tape-type and metal-joined-type
seams were considered. Most of the work was done on tape-type seams
which includes a film strap material and an adhesive for bonding to the
lens material. The development effort on metal-joined seams was ex-
ploratory in nature. Some promise was shown in resistance welding and

soldering of the wires together.

The seam development basically involved selecting tape material that
would transfer the rigidizing loads across the seam without substantially
increasing stiffness in the seam direction. Seam strength evaluations
were conducted at room temperature and at 200 F. Satisfactory seams

were developed to meet this requirement.

The seam stiffness evaluation involved selection of films that are applica-

ble as the tape material. Mylar is commonly used as a tape material but
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Figure 141 - TheAGoodyear Tire and Rubber Company Research Casting Belt
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is one of the stiffer materials. Films such as Teflon and polypropylene
have considerably less stiffness and are candidate tape materials. Slot-
ting of tapes to reduce stiffness was explored and results indicated that

stiffness could be greatly reduced.

All seam evaluations were performed utilizing tensile testing. Subse-
quent evaluation has shown a tendency for tape delamination from the
film-cloth after a period of time. Test results indicate that this occurs
only when certain adhesives are used on the tape. This problem area is

best evaluated by peel tests.

6. CONCLUSIONS AND RECOMMENDATIONS

a. General

It is concluded that wire cloth-photolyzable film is suitable for use
as the lens material. Significant advances in the development of this

material were achieved on this project.

Although feasibility has been shown, continued development effort is
required to assure reliability for use on flight satellites. It is there-
fore recommended that further development effort be authorized in

the following areas:

b. Wire and Wire Cloth
Although feasibility of weaving the 1.2-mil copper wire cloth was
demonstrated, additional weaving effort is recommended. This de-
velopment would result in improved quality of the woven cloth which
can be achieved best by actual weaving experiments.

c. Film

Continued development effort on the colored film is recommended.
Photolyzation of the film has been demonstrated under controlled
temperature conditions. Optical tests and thermodynamic calcula-

tions show that the film will absorb sufficient solar radiation to
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™

achieve the required temperature in space for rapid photolyzation.
Additional tests should be performed in the solar simulator facility

to prove experimentally that photolyzation will take place. Screen-
ing of dye materials that can be added to improve photolyzation should
be continued. Also further research on the theory of photolyzation

is recommended. Although the basic principles of photolyzation

are known, a thorough study is desirable. This work would be per -

~ formed in conjunction with the Goodyear Tire and Rubber Company

Research Laboratory.

Film Cloth Composite

Feasibility of the continuous process of casting the film resin directly
onto the cloth was established in this program. Additional casting
experiments are recommended to improve the quality of the result-
ing film-cloth composite. Porosity and uniformity of the material

can be best established by actual casting experiments.

Additional physical property testing is also recommended to better

establish the rigidizing characteristics of the composite material.
Seams

Deveiopment efforts in this program have established the feasibility
of decreasing seam stiffness by use of softer tape materials. Slot-
ting the tapes also decreases seam stiffness. It is recommended
that continued effort be authorized on fabrication and testing of vari-
ous seam materials. A thorough investigation of seam deterioration
with time should be included. This would involve peel test investiga-

tions.

Protection of the seam materials from space environment is another

recommended area of investigation.

Model Fabrication

Fabrication and testing of models is recommended particularily for
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the lens material where an accurate contour is desirable. In par-
ticular this testing would evaluate seam materials for the so-called
beach-ball effect. The models would range from 5-to-20-ft in di-

ameter and would be tested at various temperatures.
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SECTION III - TECHNICAL DISCUSSION - PHASES I AND II

Subsection Six - Material and Component Tests

MATERIAL TESTS

" a.

e

Wire and Wire Cloth

Several wire materials and sizes were obtained and tested. The data
obtained included yield strength (in which 0.2 percent offset criteria
were used), ultimate strength, modulus of elasticity, and percent
elongation at failure. All wire materials were procured in a soft

annealed condition.

The tensile tests were_performéd in the GAC Instron testing facility.

Strain rates used were generally 10 percent per minute.

A summary of results of the wire tests is listed in Table XXIV.
Typical stress-strain curves are given in Figure 142. Complete

details of all tests are given in Reference 9.

Tensile tests also were performed on the bare woven cloths. The
data, stress-strain, were used to compare stiffnesses of bare cloth,
cloth with film applied, and an equivalent number of individual wires.

Details of this testing are also given in Reference 9.

Photolyzable Film

The test evaluation of the film materials was subdivided into three

categories:
1. Film weight-loss behavior
2. Film optical properties

3. Film physical properties
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Figure 142 - Stress-Straifx Curves of Various Wires
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The weight-loss behavior tests involved measurements of material
weight-loss per unit of time. The optical property investigation in-
volved transmittance and reflectance measurements and subsequent
calculations to obtain @/€ values. The physical property tests in-
cluded tensile stress-strain data, Poisson's ratio data, and measure-

ment of film material permeability.

The weight-loss tests were performed in a specially equipped bell-
jar shown in Figure 143. The bell-jar system provided the vacuum
while ultraviolet energy was supplied by a mercury-arc lamp mounted
over the samples. The specimen mounting block was equipped with

resistance heating elements to control the material temperature.

The test samples were prepared by solution casting the film directly
on metal disks. The disks were then accurately weighed and clamped
in the mounting block. Following vacuum, ultraviolet, and tempera-
ture exposures for specified times the test samples were removed

and again accurately weighed.

Studies to determine the weight-loss characteristics of photolyzable

film were directed towards the investigation of the following areas.

1. Weight-loss behavior of clear film and effect

of molecular weight on behavior

2. Effect of dye concentration on the weight-loss '
behavior of photolyzable film. A single mo-

lecular weight resin was used for this work

3. Effect of thickness on weight-loss behavior of

clear and colored film

An example of the data,which are given in full in Reference 9,is pre-

sented in Figure 144.

Exploratory photolyzation tests were also conducted in the GAC

carbon-arc solar energy simulator (see Reference 9 for complete
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details). This type of test does not require artificial heating of the
sample as do the bell-jar tests. The solar energy simulation method
is extremely desirable because it provides accurate simulation of ac-
tual space conditions, including vacuum and broad-band radiant ener-
gy of the same distribution as the sun. Hence, both ultraviolet for

photolyzation and longer wavelength energy for heating are supplied.
A schematic of this facility is shown in Figure 145.

Optical property measurements were made to determine solar trans-
mittance and reflectance of the film material. These tests were per-
formed to evaluate the solar absorptance of the material and its tem-
perature in a spatial orbit. Variations in amount of dye material
added to the film were evaluated. Typical test data are presented in
Figure 146. Complete details of all tests performed are given in

Reference 9,

Spectral transmittance measurements under geometrical conditions
approximating normal irradiation and viewing were made using a
Bausch and Lomb Model 505 spectrophotometer in the 0.200 to 0. 700
micron wavelength range and a Perkin-Elmer Model 21 spectropho-

tometer in the 0.700 to 15 micron range.

Both instruments are double-beam-ratio recording spectrophotome-
ters that automatically record the transmittance ot a sample as a
function of wavelength. Spectral reflectance measurements in the
range from 0. 300 to 0. 700 microns were made using the integrated
sphere attachment on the Bausch and Lomb instrument. With this
attachment, the reflectance of a sample relative to a magnesium
carbonate reference is automatically recorded. The Perkin-Elmer
spectrophotometer, equipped with its specular reflectance attach-
ment, was used for reflectance measurements in the wavelength
range from 0. 700 to 15 microns. With this attachment, the reflect-

ance of a sample relative to vapor-deposited aluminum was recorded
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automatically. Further details of the test procedures and the test

results are given in Reference 9,

io

- Film-Cloth Composite

Filfn cloth composite strength and stiffness data were obtained at
room temperature and at 200 F environments. The majority of the
tests were performed on the phosphor-bronze cloth material. When
the copper cloth film material became available at the latter stages
of the program a limited number of tests were conducted on this ma-

terial. The tests were all performed in the GAC Instron facility.

Table XXV shows the summary of tensile tests on film cloth material,
and Figure 147 gives stress versus strain curves for 1, 6-mil phos-
.phor bronze wire and spreadcoat photolyzable film. The stress-
strain curves compare the stiffnesses of the film cloth composite,

the cloth alone, and the stiffness of an equivalent number of indi-

vidual wires. Complete data are given in Reference 9.

le

Seams

A large number of screening tests on seam materials were made for
this program. Reference 9 gives complete details. Most tests were
performed using the 1. 6-mil phosphor bronze material. The follow-

ing parameters were investigated.
1. Seam width
2. Tape on rough or smooth side of the film cloth
3. Tape on one or both sides of the material

4. Types of adhesive

(S,

Heat sealing

o

Film-~coated cloth versus uncoated cloth
7. Strap materials and thicknesses

Tensile tests were performed at room temperature and 200 F
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environments. During the latter part of the program the 1.2-mil
copper material became available,and a limited number of seam

tests were performed using the lighter cloth.

The seam stiffness in the seam direction was also investigated.
Basic tensile stress-strain data were obtained for the seam area
material and compared with the unseamed basic material. Use of
seam materials of low stiffness helps to inhibit stiffness increases

in the seam area.

Typical results are given in Figure 148,which shows the effective
modulus of elasticity of spheres for 1. 6-mil phosphor bronze cloth
at room temperature and Figure 149, which shows the effective modu-
lus of elasticity of spheres for 1. 6-mil phosphor bronze clath at

200 F.

2. COMPONENT TESTS
a. Torus
(1) Purpose

Several tests were performed on two 5-ft-diameter torus models
for the determination of dimensional changes with respect to

pressure, and torus stability.
(2) Test Specimens
(2a) Model No. 1

Model No. 1 was a simple 5-ft-diameter torus (Figure 150)

fabricated from 1-mil Mylar.
(b) Model No. 2

Model No. 2 was a 5-ft-diameter torus fabricated from 1-
mil Mylar with a lens cap of 0. 5-mil Mylar and a rim fab-
ricated from 0.40-in. by 5-mil 302 stainless steel, half-

‘hard, as shown in Figure 151.
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Figure 149 - Effective Modulus of Elasticity of Splices in 1.6
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Figure 151 - Torus Model No. 2
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(3) Test Setup
(a) Model No. 1

The first series of tests was conducted with the specimen
lying on a flat table. To obtain diameter changes of the
specimen during pressurization straight pins were cemented
to the torus. Deflection scales were then placed in back of
the pins and deflections measured with a level (Figures 152
and 153).

After completion of the first series of tests,a stiff ring of
3/4-in. plywood was cemented to the inside diameter of the

torus as shown in Figure 154.

During the above tests pressure in the torus was measured

with a dial manometer.
(b) Model No. 2

Two series of tests were conducted with the second torus

PIN INDICATOR

ey

\ ‘DEFLECTION
SCALE

FLAT TABLE

.
]

(177777777 77777777777777

Figure 152 - Torus Model No. 1 - Schematic of Test Setup
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Figure 154 - Diagram of Torus Model No. 1 - Test Setup

model. During the first series of tests the model was lying
on a flat table (Figure 155). Another series was conducted
with the model hanging vertically (Figure 156) to check the

effects of gravity during the first tests.

Deflection instrumentation during both series of tests was

essentially the same and is shown in Figure 157.

A micromanometer was used to monitor pressure in the lens

and a dial manometer to monitor torus pressure.

For the tests, the torus pressure was set at a specified level,
the lens pressure was then increased incrementally at least
one or two increments past initial wrinkling of the torus. At
each level of torus pressure and lens pressure diametrical
change of the torus and height change of the lens were re-

corded.
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Figure 155 - Torus Model No. 2 - Test Setup on Flat Table
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Figure 157 - Location of Deflection Points
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(4) Test Results
(a) Model No. 1

The diameter changes that were measured during the first
test of Model No. 1 are given in Table XXVI and plotted in
Figure 158. It was observed visually during this test that

the torus did not remain in a flat plane.

During the second test (with stiff ring installed) only visual
observations were made. A maximum pressure of 8-in. Hg

was obtained. No instability of the torus was observed.
(b) Model No. 2

The deflection data obtained in the tests of Model No. 2 are
given in Tables XXVII and XXVIII, and plotted in Figures
159, 160,and 161. The 8D shown is the average change in
~diameter obtained from D1 and D2 (Figure 157). Theoreti-
cal curves as established in Item (5), following, are also

shown in Figures 159, 160,and 161 for convenience.

Note that the torus did not give any indications of buckling

during these tests. This would indicate that the size of the

torus could be decreased but that further study and testing
1

C e~ e lannad s o~ —hmoandlmdn oAl
40 -LCLiuLL CTUuU LU JuvoLlLailvials LviiL o,

(5) Theoretical Analysis of Test Specimen
(a) Torus Stability

It had been assumed in the analysis that two criteria, wrin-
kling and buckling, must be considered in the design of the
torus. It was found as a result of the tests that the buckling
requirement is not necessary and that only the wrinkling

criteria must be observed.

The plots of lens pressure versus change in torus diameter

revealed, in all cases tested, only a progressively increasing
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TABLE XXVI - TORUS DIAMETER

CHANGE - MODEL NO, 1

Pressure
(in. Hg)

0D (in.)

[§8]

e

W W DD IV IV IV DN = = = = = O O O O
NV O© W O b IV O 0 O b IV © 0O O W

- N W W W W
O O O © oo o B

o
n

0.00
0.025
0.03
0.04
0.045
0.055
0.06
0.07
0.075
0.08
0.085
0.09
0.095
0.10
0.105
0.105
0.11
0.12
0.12
0.13
0.11
0.09
0.05
0.02
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Figure 158 - Pressure versus Diameter Change, Torus Model No. 1




SECTION III
Subsection Six - Material and Component Tests

GER-11502

TABLE XXVII - RECORDED DEFLECTIONS OF MODEL NO. 2 ON

FLAT PLATE

Torus Torus
pressure | Lens pressure pressure | Lens pressure
(in. Hg) (in. H,0) H(in.) | 8D (in.)| (in. Hg) (in. H,0) |H(in.)|dD (in.)
0.6 0.015 22.46 | 0.0
0.029 22.54 | +0.010 3.0 0.030 22.55 0.0
0.049 22.60 0.0 0.120 22.71 | +0.005
0.075 22,70 | +0.0075 0.210 22.84 | +0.005
0.100 22.80 0.0 0.300 22.94 | -0.030
0.125 22.86 | -0.0025 0.380 23.00 | -0.40
0.140 '22.88 | -0.0225 0. 450 23,08 | -0.075
0.160 22,96 | -0.040 0.520 23.13 | .0.095
0.580 23.20 | -0.130
1.0 0,012 22. 44 0.0 0.620 23.30 -0.185
0.040 22.54 | +0.010 -
0.080 22.70 | +0.175 4.0 0.030 22.49 0.0
0.120 22.78 | +0.0225 0.160 22.74 | +0.0i0
0.160 22.86 | +0.010 0.290 22.90 | -0.005
0.200 22.95 | -0.005 0.420 23,00 | -0.030
0.240 23.04 | -0.045 0.550 23.11 | -0.070
0.260 23.14 | -0.125 0.680 23.20 | -0.115
0.810 23.32 | -0.180
2.0 8.330 22.55 0.0
0.080 22.66 | +0.015 5.0 0.030 22.50 0.0
0.130 22.78 0.0 0.190 22.78 | -0.005
0.180 22.86 | +0.015 0.350 22.91 | -0.025
0.230 22.90 | -0.010 0.510 23.03 | -0.065
0.280 22.96 | -0.015 0. 680 23,13 | -0.105
0.330 23.03 | -0.030 0.780 23,22 -0.145
0.380 23.10 | -0.060 0.880 23.28 | -0.185
0.430 23.20 | -0.115 0.980 23.39 | -0.230
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TABLE XXVIII - RECORDED DEFLECTIONS OF

MODEL NO. 2 HANGING VERTICALLY

Torus pressure Lﬁ?ﬁlpifi;?re
) (in. Hg) t T2 H (in.) | D (in.)
2.0 0.070 22.79 0.0
) 0.140 22.94 | 0.0
0.210 23.04 |-0.020
- 0.280 23.14 |-0.040
0.350 23.19 {-0.125
- 0.420 23,32 |-0.125
0.490 23.58 1-0.300
4.0 0.070 22.74 0.0
) 0.230 23,03 !.0.005
0.390 23.14 |-0.035
0.550 23.23 |-0.070
» 0.710 23.37 |-0.100
0.870 23.62 [-0.